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ABSTRACT OF DISSERTATION 
 
 
STUDIES ON REGULATION OF  
PQQ-DEPENDENT PHOSPHATE SOLUBILIZATION  
AMONG RHIZOSPHERE DWELLING BACTERIA 
 
Plant growth promotion can be enhanced by soil- and rhizosphere-dwelling bacteria by 
a several different methods. One method is by promoting nutrient acquisition from soil. 
Phosphorus is an essential nutrient that plants obtain from soil, but in many cases it is 
immobilized in forms that are not available for plant uptake. Bacteria can solubilize 
insoluble soil phosphates by secreting gluconic acid. This chemical is produced from 
glucose by the activity of the bacterial enzyme glucose dehydrogenase, which requires a 
coenzyme called PQQ. In this dissertation, I studied the regulation of the glucose 
dehydrogenase enzyme and the PQQ coenzyme in the model rhizosphere-dwelling 
bacteria Pseudomonas putida KT2440 according to differences in bacterial growth 
conditions. I also extended this study to the bacteria in environmental samples. Broccoli 
rhizosphere soil samples were collected to study the diversity of the PQQ-producing 
phosphate solubilizing bacteria in rhizosphere soil and if PQQ was a universal phosphate-
solubilizing factor among rhizosphere-dwelling bacteria.   
While GDH-dependent phosphate solubilization has been observed in numerous 
bacteria, little is known concerning the mechanism by which this process is regulated. 
This study indicated that GDH specific activity and PQQ levels vary according to growth 
condition, with the highest levels of both occurring when glucose is used as the sole 
carbon source and under conditions of low soluble phosphate. Under these conditions, 
however, PQQ levels limit in vitro phosphate solubilization. GDH specific activity data 
correlated well with gcd gene expression data, and the levels of expression of the pqqF 
and pqqB genes mirrored the levels of PQQ synthesized, suggesting that one or both of 
these genes may serve to modulate PQQ levels according to the growth conditions. The 
pqq gene cluster (pqqFABCDEG) encodes at least two independent transcripts, and 
expression of the pqqF gene appears to be under the control of an independent promoter 
and terminator.  
Due to the significance of PQQ in mineral phosphate solubilization, I isolated 
phosphate-solubilizing bacteria from broccoli rhizosphere soil using culture dependent 
methods and screened the PQQ-producing phosphate solubilizing bacteria to study how 
the phosphate-solubilizing ability and PQQ-producing capacity has correlated among the 
 
 
rhizosphere-dwelling bacteria. A positive correlation was observed between the two 
parameters, and a similar changing pattern was observed for them. Several new genera of 
PQQ-producing phosphate-solubilizing bacteria were isolated and identified by 16S 
rRNA gene sequencing analysis.  
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CHAPTER 1: BACKGROUND AND INTRODUCTION 
Part I: Mineral Phosphate Solubilization and its Mechanisms 
Phosphorus is an essential plant nutrient.  The lack of phosphorus limits plant growth 
by disrupting cell division, photosynthesis, nutrient transport, regulation of metabolic 
pathways within the plant, and the transfer of genetic characteristics from one generation 
to another (Armstrong, 1988; Theodorou and Panxton, 1993). Plants obtain their 
phosphorus from the soil pool, mainly in the form of HPO42- or H2PO4-. Most agricultural 
soils contain phosphorus at levels of 400 – 1200 mg kg-1 of soil, with an average of 600 
mg kg-1 (Rodriguez and Fraga, 1999). In soil, phosphorus exists in many forms and the 
different forms exhibit different features.  It can exist as inorganic phosphate, mainly 
derived from the weathering of parent rock, or as organic phosphate derived from 
decayed plants, animals, or microorganisms. Inorganic phosphorus in soil can be present 
as insoluble primary minerals, such as apatite, hydroxyapatite and oxyapatite (Armstrong, 
1988; Theodorou and Panxton, 1993). Inorganic phosphate is fixed at the surface of these 
minerals, where it is associated with Fe, Al, or Mn in acid soils, and with Ca or Mg in 
alkaline soils, forming insoluble or poorly soluble phosphates unavailable to plants 
(Rodríguez and Fraga, 1999). However, mineral phosphates can be solubilized and 
become bioavailable by releasing the phosphate into soil solution under appropriate 
conditions. Organic phosphorus constitutes 30 – 50% of the total phosphorus in most 
soils (Azziz et al., 2012), and is in the form of soil phytate and phosphoesters, such as 
nucleic acids and phospholipids (Goldstein, 1995). About 50% of soil phosphorus is 
converted to organic forms, immobilized, and not available for plant growth (Richardson 
and Simpson, 2011).  
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    To increase plant-available phosphorus and enhance crop production, inorganic 
phosphate fertilizers are commonly added to agricultural soils. However, much of the 
phosphorus is immobilized rapidly and becomes unavailable for plants, which in turn 
aggravates environmental phosphorus pollution (Gyaneshwar et al., 2002; Fernandez et 
al., 2007). Application of fertilizers inoculated with phosphate-solubilizing bacteria 
(PSB) constitutes an environmentally-friendly alternative to increase the availability of 
soluble phosphate and to reduce the use of fertilizers (Illmer and Schinner 1992).  
    The role of bacteria in mineral phosphate solubilization has been known about a 
hundred years (Khan et al, 2007), and extensive studies have been conducted on the 
naturally abundant rhizospheric bacteria (Richardson et al., 2011). Commonly found 
genera of mineral phosphate-solubilizers include Achromobacter, Agrobacterium, 
Arthrobacter, Azotobacter, Bacillus, BurkholderiaEnterobacter, Chryseobacterium, 
Erwinia, Flavobacterium, Gordonia, Mycobacterium, Phyllobacterium, Pseudomonas, 
Rhodococcus, Serratia, and Xanthomonas,	most of which are Gram-negative bacteria 
(Table 1.1). Furthermore, symbiotic nitrogenous Rhizobia, which fix atmospheric 
nitrogen into ammonia and export the fixed nitrogen to the host plants, have also shown 
phosphate-solubilizing ability (Sharma et al., 2013). However, a continued exploration of 
natural biodiversity of soil bacteria in the rhizosphere soil is still in need to develop more 
efficient microbial inoculants with efficient phosphate-solubilizing ability. 
    Phosphate-solubilizing bacteria from environmental samples are normally isolated 
using serial dilutions and plating techniques on appropriate minimal media, such as 
NBRIP (National Botanical Research Institute’s Phosphate medium) and PVK 
(Pikovskaya’s medium) agar. The media are supplemented with insoluble phosphate as 
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the sole phosphate source, such as tricalcium phosphate, hydroxyapatite or other forms of 
rock phosphate (Pikovskaya, 1948; Gaur, 1990; Nautiyal, 1999), resulting in a cloudy 
texture of the media, and the phosphate solubilizing bacteria are detected by the 
formation of clear halos around the colonies (Fernandez et al., 2007; Figure 1.1). Once 
the efficient phosphate-solubilizing bacteria are selected, they can be cultured in a liquid 
culture media to test their phosphate-solubilizing ability accurately. Finally, they can be 
tested for their performance of phosphate solubilization under pot/field conditions grown 
with various crops (Khan et al., 1995). Usually, an average of 102 – 104 PSB can be found 
per gram of soil, and their weight may exceed 2000 kg ha-1 (Azziz et al., 2012). Although 
phosphate-solubilizing bacteria widely exist in the soil ecosystem, their populations vary 
with soil properties (chemical and physical properties, phosphate and organic matter 
content) (Kim et al., 1998a). Agricultural and rangeland soils contain large populations of 
phosphate-solubilizing bacteria (Armstrong, 1988). Phosphate-rich soils contain fewer 
phosphate-solubilizing bacteria, which are also low in their diversity (Azziz et al., 2012).  
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Table 1.1 Gram-negative bacteria known to be involved in mineral phosphate 
solubilization (Sashidhar and Podile, 2010). 
Gram-negative bacteria Reference 
Acetobacter sp. Joseph and Jisha 2009 
Acetobacter liquefaciens Joseph and Jisha 2009 
Acetobacter diazotropicus Maheshkumar et al. 1999 
Achromobacter xylosoxidans Jha and Kumar 2009 
Acinetobacter sp. Rodriguez and Fraga 1999 
Aerobacter aerogenes Gupta et al. 1998; Rodriguez and Fraga 1999 
Agrobacterium radiobacter Belimov et al. 1995 
Agrobacterium sp. Gupta et al. 1998; Rodriguez and Fraga 1999 
Alcaligenes sp. Gupta et al. 1998; Rodriguez and Fraga 1999 
Arthobacter mysorens Belomov et al. 1995 
Azotobacter chroococcum Kumar and Narula 1999 
Brevibacterium sp. Gupta et al. 1998; Tilak et al. 2005 
Bradyrhizobium japonicum Antoun et al. 1998 
Burkholderia cepacia Rodriguez and Fraga 1999 
Burkholderia sp. Linu et al. 2009 
Cladosporium herbarum Singh and Kapoor 1999 
Corynebacterium sp. Gupta et al. 1998; Tilak et al. 2005 
Enterobacter aerogenes Chung et al. 2005 
Ent. agglomerans Kim et al. 1997b 
Enterobacter asburiae Tripura et al. 2007b 
Enterobacter cloacae Goldstein et al. 1999 
Enterobacter intermedium Kim et al. 2003 
Escherichia freundii Gupta et al. 1998; Tilak et al. 2005 
E. intermedia Gupta et al. 1998; Tilak et al. 2005 
Erwinia herbicola Goldstein and Liu 1987; Goldstein et al. 1993 
Flavobacterium sp. Goldstein 2001 
Gluconacetobacter sp. Linu et al. 2009 
Gluconobacter diazotrophicus Madhaiyan et al. 2004 
Micrococcus sp. Rodriguez and Fraga 1999 and Gulati et al. 2007 
Micobacterium sp. Goldstein 2001 
Pantoea agglomerans Amellal et al. 1999 
Pseudomonas pinophillum Gupta et al. 1998; Tilak et al. 2005 
Pseudomonas aeruginosa GES-18 Tripura et al. 2007a 
Pseudomonas cepacia Babu-Khan et al. 1995 
Pseudomonas fluorescens Gupta et al. 1998; Tilak et al. 
Pseudomonas putida Cattelan et al. 1999 
Pseudomonas chlororaphis Cattelan et al. 1999 
Pseudomonas gladioli Joseph and Jisha 2009 
Pseudomonas striata Linu et al. 2009 
Pseudomonas syringae Tilak et al. 2005 
Ralstonia sp. Perez et al. 2007 
Rahnella aquatilis Kim et al. 1997b 
Rhizobium sp. Halder and Chakrabartty, 1993 
Rhizobium meliloti Halder and Chakrabartty, 1993 
Rhizobium leguminosarum biovar Phaseoli Chabot et al. 1998 
Rhizobium loti Halder and Chakrabartty, 1993 
Serratia phosphaticum Gupta et al. 1998; Tilak et al., 2005 
Serratia marcescens GPS-5 Tripura et al., 2007a 
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Figure 1.1 Phosphate solubilizer forming a clear zone (Sashidhar and Podile, 2010) 
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The great diversity of phosphate-solubilizing bacteria leads to a wide range of 
phosphate solubilization mechanisms in nature, which can be generalized as follows: 1) 
release of mineral dissolving compounds, such as organic acid anions, siderophores, 
protons, hydroxyl ions, or CO2 (Duine et al., 1991); 2) release of extracellular enzymes; 
3) release of phosphate during substrate degradation (McGill and Cole 1981). The former 
two are the mechanisms of mineralizing organic phosphate. The release of low molecular 
weight organic acids is the most commonly seen inorganic phosphate solubilization 
mechanism among the phosphate-solubilizing bacteria (Sharma et al., 2013). The 
phosphate solubilization of organic acids is mainly achieved by lowering the 
environmental pH, chelating the cations bound to phosphate, competing with phosphate 
for adsorption sites on the minerals or a combination of these mechanisms (Kim et al., 
1997). The acid released is roughly more than 5% of carbohydrates consumed by these 
bacteria (Banik and Dye, 1983). Interestingly, a direct correlation between drop in pH 
and increase in soluble phosphate concentration of the culture media has been observed 
in certain cases (Liu et al., 1992). However, in some other cases, the pH decline was not 
always proportional to the degree of solubilization (Goldstein, 2001). Various organic 
acids have been identified by analyzing the supernatants of the PSB, such as, gluconic 
acid, 2-ketoglutarate, oxalate, tartaric acid, and other carboxylic acids (Sharma et al., 
2013).  
Gluconic acid production is considered as the metabolic basis of inorganic phosphate 
solubilization by many Gram-negative bacteria. The readily available carbon source, 
glucose, is oxidized to gluconic acid by a periplasmic glucose dehydrogenase enzyme 
that uses pyrroloquinoline quinone (PQQ) as a cofactor. GDH is an inner-membrane 
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enzyme, although its catalytic domain is on the outer face of the cytoplasmic membrane, 
so that the production of the gluconic acids occurs at the bacterial cell surface, and the 
organic acids can be directly released into the extracellular space leading to the 
acidification of surrounding medium or back to the cell and used as energy source 
(Matsushita et al., 1982). It’s worth noting that GDH also plays a regulatory and 
bioenergetic role in these bacteria. The protons generated in the oxidation establish the 
transmembrane proton motive force, which enhances the uptake of amino acid and other 
compounds and dissolves the insoluble calcium phosphate complexes (Duine, 1991; 
Goldstein, 1995). PQQ-dependent GDH is present in a wide variety of bacterial species, 
such as Acinetobacter, Gluconobacter, Klebsiella and Pseudomonas, all of which 
produce the cofactor PQQ themselves. However, some organisms, such as E. coli and 
Acinetobacter lwoffi produce PQQ-dependent GDH, but are unable to produce PQQ 
themselves, and hence, require an external supply of PQQ for GDH activity (van Schie et 
al. 1984; Hommes et al., 1984). Interestingly, the location of GDH apoenzyme on the 
periplasmic side is also important, which facilitates the binding of PQQ to form the 
holoenzyme.  
Although the phenotype of gluconic acid production is widely distributed among 
Gram-negative bacteria, little is known about the biochemical or genetic mechanisms 
regulating the synthesis or assembly of the GDH/PQQ holoenzyme. (Goldstein, 2001). 
Previous studies suggest that mineral phosphate solubilizing activity, and GDH enzyme 
activity, can be induced or repressed by low or high levels of soluble phosphate present in 
the growth conditions (Goldstein and Liu, 1987). The enzyme activity of GDH in 
Enterobacter asburiae showed a five-fold increase upon phosphate starvation, however, 
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it was not completely repressed by the presence of soluble phosphate in the media 
(Gyaneshwar et al., 2002). GDH in Pseudomonas aeruginosa is inducible by glucose, 
gluconate, glycerol, and mannitol, while it is constitutive in Acinetobacter calcoaceticus, 
where glucose is stoichiometrically converted into gluconic acid, but unable to be utilized 
for energy metabolism (Goldstein, 1995). Therefore, further study is necessary to explain 
the mechanisms of a given species switching between the periplasmic oxidation and 
phosphorylation.  
 In addition to organic acid production, H+ excretion is an alternative way of 
solubilizing inorganic phosphate in soil environments (Parks et al., 1990). An HPLC 
analysis of the culture supernatant of a Pseudomonas sp., showed that no organic acid 
production was detected although the phenotype of phosphate solubilization was 
observed, which proposes the model that protons are pumped out of the cell to be 
responsible for phosphate solubilization (Illmer and Schinner, 1995). For some fungi, 
such as Penicillium bilaii and Penicillium fuscum, proton excretion is the main 
mechanism for phosphate solubilization. However, the proton extrusion mechanism may 
vary with organism and has rarely been reported in bacteria.  
Siderophores also act as solubilizing agents for iron from mineral or organic 
compounds under conditions of iron limitation (Sharma et al., 2013). They have a high 
affinity for iron and are produced by almost all microorganisms. Previous research has 
shown that many phosphate-solubilizing bacteria produce siderophores and the 
siderophores chelate the iron and release the phosphate group (Vassilev et al., 2006; 
Caballero-Mellado et al., 2007). However, it has not been widely accepted as a 
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phosphate-solubilization mechanism, though its potential role in improving soluble 
phosphate availability is obvious.   
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Part II: Pyrroloquinoline Quinone (PQQ) and its Role in Mineral Phosphate 
Solubilization 
PQQ serves as a cofactor for many bacterial dehydrogenase enzymes, and the best-
known examples are methanol dehydrogenase and glucose dehydrogenase (Matushita and 
Adachi, 1993). It was the first identified member of the ortho-quinone cofactor family 
and was extracted from methanol dehydrogenase of methylotrophs (Salisbury et al., 
1979). It is derived from two amino acids, tyrosine and glutamate, and the molecular 
structure has been characterized as in Figure 1.2 (Puehringer et al., 2008).  
Genes involved in PQQ biosynthesis have been identified in many microorganisms, 
where they exist as part of the pqq operon, and the number of pqq gene and the operon 
structure varies with the microorganism (Gliese et al., 2010). The PQQ biosynthetic 
genes in K. pneumoniae are clustered in the operon pqqABCDEF (Meulenberg et al., 
1992), while in M. extorquens AM1, biosynthetic genes are clustered in the pqqABC/DE 
operon, where the two pqq genes, pqqC and pqqD, are fused, and the pqqF and pqqG 
genes form a separate operon with three other genes (Zhang et al., 2003). In P. 
aeruginosa, six pqq genes constitute the pqqABCDE operon, and the pqqF is located 
distal to the operon (Gliese et al., 2010). Interestingly, the organization of the pqqA, 
pqqB, pqqC, pqqD, pqqE genes in the operon is highly conserved among these bacteria, 
while the pqqF and other potential pqq genes vary a lot (Choi et al., 2008).  
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Figure 1.2 Molecular structure of PQQ (4,5-dihydro-4,5-dioxo-1H-pyrrolo-[2,3-f] 
quinoline-2,7,9-tricarboxylic acid) with atom nomenclature. All carbon and nitrogen 
atoms of PQQ are derived from conserved tyrosine and glutamate residues of the PqqA 
peptide. R1 and R3 represent the N- and C-terminal portions of PqqA, respectively. R2 
represents a three-amino-acid linker between Glu and Tyr (Puehringer et al., 2008).  
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The functions of some proteins involved in PQQ biosynthesis have been characterized 
in a few bacteria, though the details of the complete PQQ biosynthetic pathway have not 
yet been resolved (Andreeva et al., 2011). The 24-amino acid, ribosomal-produced, small 
peptide PqqA serves as the precursor of the PQQ molecule (Goosen et al., 1989). PqqB is 
not directly necessary for PQQ biosynthesis. Its role in K. pneumoniae is suggested to be 
a carrier that facilitates the secretion of PQQ across the plasma membrane into the 
periplasm (Velterop et al., 1995). PqqC is reported to catalyze the last step in PQQ 
biosynthesis, and its structure and mechanism has been well-characterized in K. 
pneumoniae (Magnusson et al., 2004). PqqD is proposed to associate with PqqE, however, 
the function is still unknown. PqqE is a radical SAM (S-adenosylmethionine) enzyme 
with 2 Fe-S clusters, and PqqF encodes a putative peptidase (Velterop et al., 1995). The 
functions of PqqE and PqqF are still unrevealed.   
Although a fair amount is known about the pqq genes and the Pqq proteins, little is 
known about the mechanisms by which their expression is regulated (Klinman et al., 
2014). Quinoprotein enzyme substrates are shown to induce expression of the pqq operon 
in Methylobacterium extorquens AM1strain. This organism was shown to grow with both 
succinate and methanol as sole carbon and energy sources, with methanol catabolism 
initiated by the PQQ-dependent methanol dehydrogenase (Zhang and Lindstrom 2003). 
Levels of two major transcripts encoded by pqqABC/DE operon don’t vary when the 
cells are grown on succinate and methanol, while the PQQ content detected is five-fold 
higher in cells grown on methanol. In contrast, the expression level pqqABCDEH in 
Pseudomonas aeruginosa is induced when cells are grown aerobically on ethanol and 
repressed on glycerol, succinate, and acetate (Gliese et al., 2010). The pqqF gene seems 
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to have constitutive transcription of very low level under all growth conditions above. 
The pqqC gene from Pseudomonas putida KT2440, which is highly conserved in the pqq 
operon among pseudomonads, is preferentially activated in the pine rhizosphere with low 
phosphate availability (Fernandez, et al., 2013). Although a few studies indicated that pqq 
gene expression is induced by phosphorus deprivation, little is known about the effect of 
different growth conditions on PQQ production and the regulation of PQQ biosynthesis 
in Pseudomonas putida KT2440 (van Kleef and Duine 1989; Bernardelli, et al., 2001) 
PQQ has been considered as an essential plant growth promoting factor. In addition to 
its known function as a cofactor of the GDH enzyme, PQQ is also considered as a 
vitamin for supporting cell growth and stress tolerance in bacteria and plants (Si et al., 
2016). Recent studies also reveal its function as a biocontrol agent for plant fungal 
pathogens (Choi et al., 2008). Therefore, the growing demands of PQQ in agricultural, 
medical and industrial areas require a continued exploration of highly efficient PQQ-
producing bacteria. Previous research indicates PQQ can be found in many plants, 
animals and microorganisms, however, it can only be synthesized by bacteria (Goodwin 
and Anthony, 1998). High PQQ-producing bacteria have been identified in bacteria of 
diverse genera, including Acinetobacter, Ancylobacte, Gluconobacter, Hyphomicrobium, 
Klebsiella, Paracoccus, Polyporus, Pseudomonas, Methylobacillus, Methylophilus, 
Methylovorus, Methylobacterium, Mycobacterium, Thiobacillus, and Xanthobacter 
(Xiong et al., 2011). Some enteric bacteria, such as Escherichia coli¸ are unable to 
synthesize PQQ due to the lack of corresponding genes (Matsushita, et al. 1997). 
However, the heterologous expression of the pqq genes from other species in E. coli 
confer them phosphate-solubilizing activity, suggesting PQQ is an important phosphate-
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solubilizing factor. Interestingly, many of those high PQQ-producing bacteria are 
promising inorganic phosphate-solubilizers that have been used to inoculate inorganic 
phosphate fertilizers (Si et al., 2016). Though the production of PQQ has been 
determined in many phosphate-solubilizing bacteria, the correlation between the PQQ-
producing capacity and their phosphate-solubilizing activity is still unclear (Goosen et al., 
1989; Li et al., 2015).  
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CHAPTER 2: REGULATION OF PQQ-DEPENDENT GLUCOSE 
DEHYDROGENASE ACTIVITY IN THE MODEL RHIZOSPHERE DWELLING 
BACTERIUM PSEUDOMONAS PUTIDA KT2440 
 
This chapter was published in its entirety in Applied and Environmental Microbiology 
published by ASM Press (Ran An, Luke A. Moe. 2016. Regulation of PQQ-dependent 
glucose dehydrogenase activity in the model rhizosphere dwelling bacterium 
Pseudomonas putida KT2440. Appl. Environ. Microbiol. Vol 82. no. 22 p. 4955-4964). 
 
INTRODUCTION 
    Mineral phosphate solubilization is an essential activity of many rhizobacteria with the 
ability to promote plant growth, including a range of bacteria from genera such as 
Pseudomonas, Bacillus, Rhizobium, Micrococcus, Acinetobacter, Flavobacterium, 
Achromobacter, Erwinia, and Agrobacterium (Vyas and Gulati, 2009; Bashan et al., 
2013). Most commonly, these bacteria release organic acids into the extracellular space to 
chelate divalent cations (e.g. Ca2+) in poorly soluble mineral phosphate forms, such as 
hydroxyapatite or tricalcium phosphate, thus releasing phosphate in a form available for 
plant uptake (Castagno et al., 2011). The best-characterized mechanism for microbial 
phosphate solubilization is through secretion of gluconic acid  (Goldstein, 1995), which is 
produced from glucose through the activity of a glucose dehydrogenase (GDH) enzyme 
that requires the redox cofactor pyrroloquinoline quinone (PQQ). 
16 
 
    Two types of PQQ-dependent GDH enzymes are identified to date: an inner 
membrane-bound GDH and a soluble GDH (sGDH), both of which exhibit activity in the 
periplasm of Gram negative bacteria. While membrane-bound GDH has been found in 
many Gram-negative bacteria, such as Gluconobacter, Pseudomonas and Acinetobacter 
species, sGDH is less common and has been reported only from Acinetobacter 
calcoaceticus (Cleton-Jansen et al., 1988). Periplasmic gluconic acid can be imported 
into the cytoplasm, where it is further catabolized, or it can be exuded into the 
extracellular space where it is proposed to play myriad roles, including reducing protist 
grazing and as an antifungal, in addition to solubilization of mineral phosphate 
(Ramachandran et al., 2006).  
Soil-dwelling pseudomonads have become models for understanding GDH-mediated 
phosphorus solubilization (Vyas and Gulati, 2009; Goldstein, 1995; Meyer et al., 2001). 
Miller et al. showed that this activity can be impaired with mutations to the GDH-
encoding gene (gcd) or to certain genes in the PQQ biosynthesis pathway from 
Pseudomonas fluorescens F113 (Miller et al., 2010). They and others have noted distinct 
differences in the number and genomic synteny of genes predicted to be involved in PQQ 
biosynthesis among pseudomonads (Choi et al., 2008; Gliese et al., 2010). In general, the 
pqqA, pqqB, pqqC, pqqD, and pqqE genes are conserved and arranged in that particular 
order in what is typically referred to as the pqq operon (pqqABCDE) (Shen et al., 2012).  
Other commonly found genes include pqqF and pqqG, which can be located either 
proximal or distal to the pqq operon (Miller et al., 2010; Meulenberg et al., 1992; Zhang 
et al., 2003; Yang et al., 2010). While a fair amount is known about the genes necessary 
for PQQ biosynthesis, their specific roles and the mechanisms by which their expression 
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is regulated is less clear (Shen et al., 2012; Meulenberg et al., 1992; Zhang et al., 2003; 
Yang et al., 2010; Klinman and Bommot, 2014). 
    GDH enzyme activity, and, hence, phosphate solubilization, can be affected by the 
levels of both the GDH enzyme and the PQQ cofactor in the periplasm.  Observational 
studies have suggested that substrates of PQQ-dependent enzymes as well as 
environmental factors, such as phosphorus availability and carbon source, can have an 
effect on the enzyme activity and levels of PQQ produced (Zhang et al., 2003; Hommes 
et al., 1984; van Kleef and Duine, 1989; Adamowicz et al., 1991; Buurman et al., 1994; 
Bernardelli et al., 2001; Fernandez et al., 2013). Previous work has suggested that the 
synthesis of PQQ and GDH is not coordinated (van Schie et al., 1984; van Kleef and 
Duine, 1989; Adamowicz et al., 1991; Buurman et al., 1994; Bernardelli et al., 2001; 
Fernandez et al., 2013), but there is little information on the mechanisms by which either 
GDH activity or PQQ synthesis is regulated.  Here we use the model rhizosphere-
dwelling bacterium Pseudomonas putida KT2440 to explore how GDH enzyme activity, 
gcd gene expression, PQQ levels, and pqq gene expression is regulated according to 
variations in growth conditions.  We also explore the structure of the PQQ biosynthetic 
operon to identify which gene (or genes) is limiting the levels of PQQ under conditions 
of low synthesis.  
MATERIALS AND METHODS 
    Bacterial strains and growth conditions. Escherichia coli DH5α and Pseudomonas 
putida KT2440 were routinely grown at 37°C and 28°C, respectively, on LB agar plates. 
For preparation of the E. coli cell membrane fraction used in PQQ bioassays, a single 
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colony of E. coli was picked and inoculated in 500 mL LB broth and shaken (220 rpm) 
overnight at 37°C. For measurements of P. putida KT2440 GDH enzyme activity, PQQ 
levels, and RNA extraction, three different media types were used: LB medium, M9 
minimal medium (Sambrook and Russell, 2001), and National Botanical Research 
Institute’s Phosphate medium (NBRIP) (Nautiyal, 1999).  M9 medium was used for 
studies in which carbon sources were varied, and NBRIP was used for studies in which 
the level of soluble phosphate was varied.  Glucose, glycerol or citrate was added as the 
sole carbon source to M9 medium to a final concentration of 22.2 mM.  For growth in 
NBRIP medium, glucose was used as the sole carbon source at 22.2 mM.  For studies 
varying carbon source, a single colony of P. putida KT2440 was inoculated and grown 
overnight in 5 mL LB broth in a shaker at 28 °C, and 1 mL of this starter culture was 
inoculated in a 1 L flask containing either 250 mL of fresh M9 minimal medium with 
varying carbon sources or LB medium. Each culture was performed in triplicate and 
grown at 28°C with shaking.  Two replicates were for cell collection, and one was for 
monitoring bacterial growth by measuring optical density at 600 nm every 4 hours using 
a Biomate 3 spectrophotometer (Thermo Scientific).   
    Preparation of cells and cell membrane fractions. Cells were grown to mid-
exponential phase and harvested when OD600 reached 0.5. The 500 mL cultures of E.coli 
DH5α or P.putida KT2440 were harvested by centrifugation at 2320 × g for 15 min. 
Culture supernatants from each growth condition were collected for PQQ bioassays and 
stored at -80ºC. A small amount of the same P. putida KT2440 culture was used for RNA 
isolation (described below). The cell pellets were washed twice with phosphate buffered 
saline (PBS, pH 7.0), resuspended in PBS with 10% glycerol and stored immediately at -
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80°C. This step and all the following procedures were carried out at 4°C as described in 
Matsushita and Ameyama (Matsushita and Ameyama, 1982). The washed cell pellets 
were resuspended in PBS, and disrupted by a Sonic Dismembrator System (Fisher 
Scientific) for 10 cycles × 20 s with a 2 min pause on ice between each cycle. The 
mixture was centrifuged at 1800 × g for 10 min at 4°C to remove intact cells and cell 
debris, and the supernatant was centrifuged in an Optima L-XP Ultracentrifuge 
(Beckman) at 68000 × g for 60 min at 4°C to sediment membrane fractions. Pelleted 
membrane fractions were homogenized in ice-cold PBS.  The total protein concentration 
was measured using the Bio-rad protein assay, and varied from 1.5-2.4 mg mL-1.  
    Glucose dehydrogenase enzyme assay. GDH enzyme activity was measured using a 
chromogenic assay involving 2,6-dichlorophenolindophenol (DCIP, Fisher Scientific) 
and phenazine methosulfate (PMS, Sigma-Aldrich) according to Matsushita and 
Ameyama (Massushita and Ameyama, 1982). The enzyme activity was measured as the 
initial reduction rate of DCIP monitored by a DU800 UV/Visible spectrophotometer 
(Beckman Coulter) at 600 nm. Specific enzyme activity was expressed as unit mg-1 of 
protein, where one unit is defined as µmol DCIP reduced per min. Under the assay 
conditions, the molar extinction coefficient of DCIP was measured to be 14.2 cm-1 mM-1 
at 600 nm and pH 7.0 by establishing a standard curve. Reconstitution of the holoenzyme 
was necessary prior to the assay and achieved by incubating a total of 100 µg protein 
with varying quantities of PQQ (Sigma-Aldrich) and Ca2+ for 10 min at 25 °C. Sodium 
azide (Sigma-Aldrich) was also added in the preincubation mixture to a final 
concentration of 4 mM to block adventitious reduction of DCIP via the electron transport 
chain. A typical assay mixture contained the following components: 50 mM phosphate 
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buffer (pH 7.0), 33.4 mM glucose, 50 µM DCIP, 2 mM PMS, 10 µM PQQ, 0.5 mM 
CaCl2, 4 mM NaN3, 50 µg protein and a sufficient amount of deionized water to bring the 
total volume up to 500 µl. Glucose was added last to initiate the reaction.  Concentrations 
of DCIP, PMS, and Ca2+ were individually optimized to ensure that they were not the 
limiting factor in kinetic reactions.  Glucose was not the limiting reagent in initial 
velocity assays of PQQ, and PQQ was not the limiting reagent in initial velocity assays of 
glucose.  Initial velocity measurements were plotted against substrate concentration and 
fitted to the Michaelis-Menten equation by least squares fit, followed by calculation of 
the apparent Vmax and apparent Km values.  
    PQQ bioassay. PQQ concentrations in the culture supernatant were determined using 
GDH assays with the extracted cell membrane fraction of E. coli DH5α. This approach is 
based on the fact that E. coli synthesizes apo-GDH, but is unable to synthesize PQQ; 
therefore, the membrane fraction of E. coli shows GDH activity only after the addition of 
exogenous PQQ (Matsushita et al., 1997). A standard curve was generated from assays 
with the E. coli membrane fraction (as described above) with varying concentrations of 
PQQ. The working range of the assay was determined based on the extent of the linear 
relationship between enzyme velocity and substrate concentration.  The relationship was 
linear up to 1 µM PQQ (Figure 2.1). Filter-sterilized (0.22 µm, Sigma-Aldrich) 
supernatant was preincubated with the E.coli membrane fraction before measuring the 
GDH activity, which was used to determine the PQQ concentration in each culture 
supernatant according to the standard curve. Several controls were performed 
simultaneously to exclude the background DCIP reduction contributed by components in 
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both membrane fractions of E. coli DH5α and supernatants of P. putida KT2440 cultures 
under different growth conditions.  
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Figure 2.1 Enzyme velocity versus PQQ concentration for the E. coli GDH enzyme. The 
trendline and equation expresses the linear relationship between PQQ concentration and 
enzyme velocity up to 1 µM. 
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    Evaluation of phosphate solubilizing efficiency. The phosphate solubilizing 
efficiency of P. putida KT2440 was evaluated by culturing the bacterium in liquid media 
with insoluble tricalcium phosphate and measuring the content of soluble inorganic 
phosphate in culture filtrates over time. 50 mL NBRIP broth at pH 7.0 containing 22.2 
mM glucose as the sole carbon source was added into 250 mL flasks. Insoluble tricalcium 
phosphate was added as the only phosphate source to the medium at the concentration of 
5 g L-1. M9 medium was not used here due to its high inorganic phosphate content. To 
determine whether the level of PQQ produced was limiting bacterial phosphate 
solubilizing efficiency, parallel experiments were conducted in which exogenous PQQ 
(Sigma-Aldrich, US) was added to the medium at a concentration of 10 µM. A 200 µL 
volume of P. putida KT2440 cells (at 5 × 108 CFU mL-1) grown in LB broth was used to 
inoculate each flask. Each treatment was performed in triplicate, and uninoculated media 
served as a negative growth control. Both inoculated and uninoculated flasks were shaken 
at 28°C, 220 rpm for 7 days. Inorganic phosphate concentration, cell density, and pH 
were monitored after removing 2 mL from each flask every 24 hours. Of this 2 mL 
volume, 500 µL was used to determine the pH using a benchtop pH meter (Fisher 
Scientific), and 500 µL was used to harvest cells. Cells were washed twice with LB 
medium before final resuspension in 500 µL NBRIP broth. OD600 was measured 
spectrophotometrically after adding the same volume of 3.7% HCl to dissolve the 
tricalcium phosphate and vortexing (Miller et al., 2010). The remaining 1 mL was 
centrifuged at 20878 × g for 30 min, and the supernatant was filter sterilized. Inorganic 
phosphate concentration was measured using the vanado-molybdate method (Chen et al., 
1956). Briefly, 400 µL of freshly prepared Chen’s reagent, containing 1:1:1:2 ratio of 
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10% (w/v) ascorbic acid, 3 M sulfuric acid, 2.5% (w/v) ammonium molybdate, and 
distilled deionized water, was added to the same volume of the filtrate in a 1.5 mL 
centrifuge tube, mixed well by vortexing, and incubated at 37°C for 1 hour. Three 
subsamples of 200 µL were taken from the mixture and loaded into 96-well plates. The 
absorbance was read at 880 nm using a plate reader (BioTek Synergy HT) after shaking 
for 10 s using the built-in shaker. The inorganic phosphate concentration in samples was 
determined by the construction of a standard curve using K2HPO4, and expressed as mg 
PO43- L-1.  
    Nucleic Acid Isolation. Genomic DNA of P. putida KT2440 was isolated from 2 mL 
cell cultures growing in LB media using the GeneJET Genomic DNA Purification Kit 
(Thermo Scientific) following the manufacturer’s instructions. DNA purity and 
concentration were determined by UV spectrophotometry using a Take3 micro-volume 
plate and BioTek Synergy HT microplate reader. Total RNA was isolated from 2 mL cell 
cultures of P. putida KT2440 grown in LB and M9 media with different carbon sources 
using the RNeasy Mini Kit (Qiagen), as described by the manufacturer. RNA was 
stabilized prior to cell lysis by adding two volumes of RNAprotect reagent (Qiagen) to 
one volume of bacterial culture. The purified RNA was brought up in 50 µL nuclease-
free water supplemented with Superase•In RNase inhibitor (Invitrogen), distributed to 
200 µL PCR tubes and stored at -80°C. RNA integrity was monitored by observing the 
major rRNA bands on a 2% agarose gel, and RNA concentrations were determined by 
spectrophotometric quantification. 
    Determination of gene expression levels by quantitative reverse transcription 
PCR. To remove residual DNA, RNA samples were treated with DNase I (Invitrogen) at 
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37°C for 2 hours (1U per 500 ng RNA). The DNase was inactivated by adding 2 µL stop 
solution containing EDTA and heating at 65°C for 10 min. The DNase-treated RNA (250 
ng) was used to synthesize cDNA using an Omniscript cDNA Synthesis Kit (Qiagen) in a 
20 µL reaction at 50°C for 30 min. 1 µL of 1:4 diluted cDNA was used to perform 
quantitative PCR, using the CFX SYBR Select Mastermix (Life Technologies) in a 10 µL 
reaction containing 300 nM of the designed primers (Table 2.1). Amplification and 
detection of specific products was performed using the CFX384 real-time PCR detection 
system (Bio-Rad) under the following conditions: one cycle at 50°C for 2 min and 95°C 
for 5 min as enzyme activation, followed by 40 cycles of denaturation at 95°C for 30 s, 
annealing and extension at 60°C for 1 min. The reaction specificity was determined for 
each reaction by using melting-curve analysis of the PCR product. To calculate the fold 
change in gene expression, the 2-∆∆Ct method was used (Livak and Schmittgen, 2001). 
The expression levels of target genes were normalized to the 16S rRNA gene level. Both 
target and normalization reactions were run in triplicate. Three biological replicates were 
run for each sample. Controls with no template (NTC) and no reverse transcription 
(NRT) were included for each reaction on the same plate.  
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Table 2.1 qRT-PCR and RT-PCR primers used in this study 
Assays Target 
Genes/Regions Primer Name Primer Sequence 
qRT-PCR gcd gcd-F AACACAGCGAAGTCGAACA 
  gcd-R TGGATCGGGATGACGTAGA 
 
pqqF 
 
pqqA 
pqqF-F 
pqqF-R 
pqqA-F 
ACACACTTGGCCACACAA 
CAAACATAGCCAAGCGGAAC 
ATGTGGACCAAACCTGCATAC 
  pqqA-R GCGGTTAGCGAAGTACATGGT 
 pqqB pqqB-F ACAACACCAACCCGATTCTC 
  pqqB-R TACAACTCGATGCTCATGCC 
 pqqC pqqC-F ATTACCCTGCAGCACTACAC 
  pqqC-R CCAGAGGATATCCAGCTTGAAC 
 pqqD pqqD-F GACGTGGCAGCGATCAT 
  pqqD-R GGCCACCTCCATGAACTG 
 pqqE pqqE-F TCCGTGGCTATGAGTGGA 
  pqqE-R CATCACCGGTCAGCATGAA 
 pqqG pqqG-F AAGCAGAGGCGCATTTCTAT 
  pqqG-R GTTGATGGTTGATCACGTTGC 
 16S RNA 16S rRNA-F GTGGGTTGCACCAGAAGTA 
  16S rRNA-R CGGCTACCTTGTTACGACTT 
RT- PCR pqqF-A FA-F ACACACTTGGCCACACAA 
  FA-R GGTGACTTCGAAGCCGATAC 
 pqqA-B AB-F TGTGGACCAAACCTGCATAC 
  AB-R GCTTTCAGGGTGCCATCA 
 pqqB-C BC-F GGCATGAGCATCGAGTTGTA 
  BC-R CGGGTGATGGATGTGGTAATAG 
 pqqC-D CD-F ATTACCCTGCAGCACTACAC 
  CD-R CAGTTGGGTACCTGGTTACG 
 pqqD-E DE-F CGTAACCAGGTACCCAACTG 
  DE-R TCAGCCATGACCTTGAACC 
 pqqE- pqqG EG-F ACCACGACTTGCACCATATC 
    EG-R GCGATGACACGGGAGTTT 
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    Analysis of pqq operon structure.  A two-step reverse transcription polymerase chain 
reaction (RT-PCR) was performed to validate the computationally predicted pqq operon 
in P. putida KT2440. 1 µg total RNA, extracted as above from cells grown in LB media 
or M9 minimal media with glucose, glycerol or citrate as the sole carbon source, was 
used to synthesize cDNA in a 20 µL reaction containing 10 µM random hexamer primers, 
0.5 mM dNTPs, and 4 U Omniscript reverse transcriptase (Qiagen). The same amount of 
RNA was added with nuclease free water up to 20 µL, to serve as the RT (-) control. 
Reverse transcription reactions were incubated at 50°C for 30 min and inactivated by 
incubating at 85°C for 3 min. The cDNA products were subsequently amplified by PCR 
using the RT-PCR primers listed in Table 2.1. These primers were designed to amplify 
intergenic regions (where possible) of 250-400 base pairs that span adjacent pqq genes, 
such that the forward primer was located at the 3’ end of one pqq gene and the reverse 
primer at the 5’ end of the pqq gene immediately downstream (Figure 2.2). PCR was 
carried out in a 25 µL reaction consisting of 1 µL freshly synthesized cDNA, 250 nM of 
each primer, and 1× DreamTaq master mix (2mM MgCl2, 2 mM dNTPs, and 0.625 U 
DreamTaq DNA polymerase (Thermo Scientific). Amplification was performed with an 
initial denaturation of 95°C for 3 min, followed by 30 cycles of denaturation at 95°C for 
30 s, annealing at 60°C for 30 s and extension at 72°C for 2 min, followed by a final 
extension at 72°C for 10 min. The resulting PCR products were identified on a 1.5% 
agarose gel. Following verification of the appropriate sizes, band intensity was analyzed 
using ImageJ software. Relative intensity (RI) was assessed by the following formula 
where BI represents band intensity: 
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    The 16S rRNA gene was used as the reference gene, and the bands for the intergenic 
regions between pqqF and pqqA (FA), pqqA and pqqB (AB), pqqB and pqqC (BC), pqqC 
and pqqD (CD), pqqD and pqqE (DE) and pqqE and pqqG (EG) were normalized to the 
reference gene band from the same growth condition. The following controls were 
included for each PCR: 1) positive control with genomic DNA as template, 2) negative 
control with the RT (-) reaction as template and 3) no-template control (NTC) without 
any nucleic acid added as template.  
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Figure 2.23 Computationally predicted pqq operon structure in P. putida KT2440. 
Lengths of the intergenic regions between each pqq gene are indicated directly under 
each region from the diagram. Stem loop structure with solid lines indicate rho-
independent terminators between pqqA and pqqB (TA), and between pqqB and pqqC (TB). 
A predicted rho-dependent terminator between pqqF and pqqA is indicated with a dashed 
stem loop structure. The locations of PCR primers for the RT-PCR work are indicated as 
arrows at the bottom between two adjacent pqq genes. Their position is estimated and not 
drawn to scale. Arrows at the top of the diagram indicate the promoters of the pqq operon 
(PF, PA, PC).  
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Bioinformatic analysis of the putative pqq operon in P. putida KT2440. The DNA 
sequence and the gene arrangement of the putative pqq operon in P. putida KT2440 was 
obtained from the Pseudomonas Genome Database (Winsor et al., 2011). The seven 
genes potentially involved in PQQ biosynthesis are in the region from 454815 to 462463 
bp, annotated as pqqF, pqqA, pqqB, pqqC, pqqD, pqqE, and pqqG (PP_0375). In this 
study, we refer to PP_0375 as pqqG in P. putida KT2440 because the gene locus and 
sequence in this strain are highly similar to that of the pqqG gene in P. fluorescens F113 
(Miller et al., 2010). Figure 2.2A shows a schematic of the putative PQQ biosynthesis 
genes in P. putida KT2440. An additional predicted paralog of the pqqD gene (PP_2681) 
is found distal to the above genes, and is referred to here as pqqD2 (not shown in the 
schematic) (Fernandez et al., 2013). The presence of three promoters, which are upstream 
of pqqF, pqqA, and pqqC, and two rho-independent terminators between pqqA and pqqB, 
as well as between pqqB and pqqC, was predicted using the promoter prediction tool 
Virtual Footprint (Munch et al., 2005) and the terminator prediction tool WebGeSTer 
(Mitra et al., 2011). The structures of the putative promoters and terminators are 
described in the Figure 2.3 and 2.4.  
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Figure 2.34 Putative PF, PA and PC promoter regions of P. putita KT2440. Putative -10 
and -35 promoter binding sites are underlined. The nucleotides indicating the putative 
transcription start sites are indicated in bold. Potential ribosomal binding sites (RBS) are 
double underlined. 
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a.                                                                b. 
 
 
 
 
Figure 2.45 Schematic of the putative rho-independent terminator motifs predicted by 
WebGeSTer searches (Munch et al., 2005). The terminators consist of a short stem-loop 
hairpin followed by a 3’ thymine-rich DNA region: (a) predicted terminator downstream 
of the pqqA gene, and (b) predicted terminator downstream of the pqqB gene. For the 
results reported here, WebGeSTer was restricted to find terminators for which each side 
of the stem is >4 nt, the length of the loop is >3 nt and <8 nt, the cut-off ∆G=-15.61 and 
the maximum distance from the open reading frame is <270 nt.  
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    Assessment of the effect of soluble phosphate on GDH enzyme activity and PQQ 
production. To determine whether GDH activity and PQQ production were impacted by 
the presence of insoluble phosphate and/or the levels of soluble phosphate, additional 
experimentation was done using NBRIP growth medium.  A single colony of P. putida 
KT2440 was inoculated and grown in 500 mL LB broth and shaken (220 rpm) overnight 
at 28°C. Cells were harvested by centrifuging the bacterial culture at 4000 rpm for 15 
min, washed twice with sterile normal saline (0.85% NaCl), and resuspended in 30 µL of 
the same saline. This starter culture was inoculated in 250 mL flasks containing 50 mL of 
NBRIP media without any soluble phosphate (“no”) or amended with K2HPO4 as a 
soluble phosphate source at two concentrations: 1 mM (“low”) and 50 mM (“high”). The 
cell density at inoculation for each flask reached at least 5 × 106 cell mL-1 to ensure 
sufficient cells available for membrane extraction. Media without bacterial inoculation 
served as a negative control. Each culture was performed in quadruplicate and grown at 
28°C with shaking, and pH and OD600 were monitored every 4 hours. Cells were grown 
to mid-exponential phase and harvested for cell membrane and RNA extraction by 
centrifugation at 2320 × g for 15 min when OD600 reached 0.5. Culture supernatants were 
collected at the same time for a PQQ bioassay by centrifugation at 20878 × g for 30 min 
followed by sterilization through a 0.22 µm filter. GDH enzyme assays, PQQ bioassays, 
RNA isolation and qPCR determination of gene expression levels were conducted as 
described above for each growth condition.  
    Statistical tests. Enzyme kinetic analysis, GDH specific enzyme activity, PQQ 
production, and gene expression levels are presented as a mean value of three replicates. 
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One-way ANOVA was performed and multiple comparisons were made by Dunnett’s 
tests at a significant level of 0.05.  
RESULTS 
    Kinetic analysis of GDH enzyme activity. The apparent Km and Vmax values for both 
P. putida KT2440 and E.coli DH5α GDH enzymes were measured from their respective 
membrane fractions (Table 2.2). Both GDH isoforms showed Apparent Km values in the 
low mM range for glucose and in the low µM to sub-µM range for PQQ. The apparent 
Km for PQQ of the P. putida KT2440 GDH was too low to accurately measure using this 
assay. It is likely that the binding between this GDH enzyme and PQQ is strong enough 
to tolerate the extraction process of the membrane fraction without notable separation, as 
significant GDH enzyme activity was detected when no exogenous PQQ was added to 
the P. putida KT2440 membrane fraction. Vmax/Km values for glucose indicated a very 
similar overall enzyme efficiency between GDH of E. coli DH5α and P. putida KT2440. 
The kinetic values determined here were used to verify that concentrations of both PQQ 
and glucose were not limiting in the specific activity assays described below.  
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Table 2.2 Kinetic analysis of E.coli and P. putida KT2440 glucose dehydrogenase.  Data 
represent the average of three replicates with standard deviation. 
Substrat
e Bacterial Strain Apparent Km 
Apparent Vmax (µM 
min-1) 
 Vmax Km-1 (min-
1) 
Glucose E.coli DH5α 2.71  ± 0.14 mM 42.14  ± 0.98 0.016 ± 0.00 
 
P. putida 
KT2440 
4.91  ± 0.83 
mM 67.64  ± 1.92 0.014 ± 0.00 
PQQ E.coli DH5α 1.13 ± 0.08 µM  37.52 ± 3.37 
  P. putida KT2440 < 0.1 µM   > 676.35 
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    GDH enzyme activity of P. putida KT2440 grown on different carbon sources. 
GDH specific activity assays were conducted to determine which growth conditions 
enabled highest enzyme activity.  Exogenous PQQ (10 µM) was added to ensure that 
PQQ was not limiting for specific activity assays. The GDH activity of cells grown in 
glucose was significantly higher than that in other conditions (P < 0.05) (Table 2.3). No 
significant difference in specific enzyme activity was observed between the cells grown 
in LB media and M9 minimal media, with the exception of those with glucose as the sole 
carbon source, and the GDH activity in glucose was 1.2- and 1.4- fold higher respectively 
than in glycerol and citrate. Incidentally, the GDH activities of membrane fractions not 
supplemented with exogenous PQQ showed a similar trend as those supplemented with 
PQQ (data not shown), consistent with our suggestion that a certain amount of PQQ 
remains with the GDH enzyme during membrane preparation.  
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Table 2.3 GDH enzyme activity and PQQ production of P. putida KT2440 grown on 
different carbon sources. Data represent the average of three replicates with standard 
deviation. Values given for each determination are calculated for cultures with an OD600-
=0.5. Letters in the parenthesis indicate the significant difference under different growth 
conditions (P <0.05).  
 
Growth 
Condition 
Specific Enzyme Activity of GDH 
(U/mg of protein) 
PQQ Production 
(µM) 
LB 857.58 ± 63.85   (ab) 0.083 ± 0.012  (a) 
Glucose 1100.00 ± 15.75 (c) 0.532 ± 0.017  (b) 
Glycerol 890.91 ± 18.18   (b) 0.385 ± 0.012  (c) 
Citrate 787.88 ± 54.80   (a) 0.140 ± 0.012  (d) 
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    PQQ production of P. putida KT2440 grown on different carbon sources. The 
PQQ standard curve established that the relationship between enzyme activity and PQQ 
was linear up to approximately 1 µM (Figure 2.1). It should be noted here that this assay 
only provides measurements of PQQ exuded from the cell and does not account for PQQ 
that remains in the cells.  PQQ concentrations under each growth condition all fell within 
the detectable limit, and varied significantly with the growth conditions (P < 0.05) (Table 
2.3). The PQQ levels in all minimal media growth conditions were considerably higher 
than PQQ levels in LB medium, and carbon sources in M9 minimal media showed a 
prominent impact on PQQ production, as 1.4- and 3.8-fold higher PQQ concentrations 
were observed in glucose than glycerol and citrate, respectively.   
    Evaluation of phosphate solubilizing efficiency. The initial soluble inorganic 
phosphate concentration in NBRIP supplemented with glucose was around 5.0 mg L-1 
and dramatically increased with the P. putida KT2440 growth time, reaching 419.0 mg L-
1 after 144 hours (Figure. 2.5). In the absence of added PQQ, the highest phosphate 
solubilizing rate was observed as 4.4 mg L-1 h-1 in the second 24 hours of growth, where 
the cells were in the late exponential phase. Addition of exogenous PQQ (10  µM) had a 
positive impact on the phosphate solubilizing efficiency of P. putida KT2440 in glucose. 
The positive effect was significant (P < 0.01), and most noteworthy in the second 24 
hours of growth, where the rate of phosphate solubilization increased from 4.4 mg L-1 h-1 
to 5.4 mg L-1 h-1 in the presence of exogenous PQQ. However, no significant difference 
was observed in cell density between the growth conditions with or without PQQ added 
during the same period (Figure. 2.5 inset). The pH decline with exogenous PQQ was 
significantly faster than that without PQQ, particularly in the first 24 hours of growth (P 
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<0.05). Parallel experiments were not conducted with the other carbon sources because 
either the level of soluble phosphorus is already high in that medium (i.e LB) or the 
carbon source in minimal medium can solubilize insoluble phosphorus under the assay 
conditions (i.e. citrate). 
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Figure 2.56 Monitoring inorganic phosphate (PO43-) concentration (mg L-1), pH and 
cell density of the media culturing P. putida KT2440 in NBRIP with glucose as the 
sole carbon source. Data represent the average of three replicates with standard 
deviations. Control conditions (ctrl) are uninoculated cultures.  The inset plot shows 
cell density (OD600) of the same cultures with growth time. 
* indicates a significant difference in inorganic phosphate concentration between 
conditions with and without PQQ addition (P < 0.05) 
† Indicates a significant difference in pH between conditions with and without PQQ 
addition (P < 0.05).  
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Expression levels of the gcd gene and pqq operon of P. putida KT2440 grown on 
different carbon sources. The expression level of the gcd gene, encoding GDH, varied 
significantly with the carbon source (P < 0.05; Figure 2.6), showing the trend of glucose 
> glycerol > LB > citrate, which was consistent with the GDH enzyme specific activity. 
Overall, the expression levels of the pqqF, pqqA and pqqB genes were highest in glucose 
(although pqqA is not significant), while others were highest in LB. pqqF, the first gene 
of the pqq gene cluster, was approximately 2-fold higher in glucose than in other growth 
conditions (P <0.05), yet no significant difference was observed between LB and glycerol 
or citrate. Interestingly, LB and glucose conditions exhibited very similar pqqA gene 
expression levels, and both were significantly higher than that of glycerol and citrate (P < 
0.05). The expression level of the pqqB gene was significantly higher in minimum media 
than LB (P < 0.05). Among the minimal media growth conditions, it was highest in 
glucose and lowest in citrate, showing the same pattern as the PQQ production observed 
under these conditions. The pqqC, pqqD, pqqE, and pqqG genes all showed the highest 
expression in LB, with lower expression in minimal medium conditions, and showed no 
obvious relatedness to that of other pqq genes.  Overall, the gene expression data indicate 
that changes in expression of the pqqF, pqqA, and pqqB genes correlated with changes in 
PQQ levels measured above.  Further, the differences in relative abundance suggest that 
the genes are likely regulated differently at the transcription level. 
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Figure 2.67 Expression levels of the gcd gene and pqq gene cluster of P. putida KT2440 
grown in LB or M9 media with glucose, glycerol or citrate as the sole carbon source. 
Data represent the average of three replicates with standard deviations. Different letters 
above the columns indicates significant difference between the expression levels of a 
gene under different growth conditions (P < 0.05). Fold change is set relative to the LB 
growth condition for each gene.  
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       Effect of soluble phosphate availability on GDH enzyme activity and PQQ 
production of P. putida KT244.  GDH specific activity and PQQ production of cells 
grown in NBRIP medium amended with 50 mM K2HPO4 (“high” phosphate) were 
comparable to those of M9 medium with glucose as carbon source (Tables 2.3 and 2.5). 
Both GDH specific activity and PQQ levels were significantly induced in NBRIP media 
with zero and 1 mM (“low”) soluble phosphate, with the highest observed with no 
soluble phosphate added (P < 0.05). The expression levels of gcd and the pqq genes 
exhibited the same pattern as the GDH enzyme activity and PQQ production under these 
conditions: significantly increased by zero and low soluble phosphate in NBRIP media 
compared to the high phosphate conditions (Figure 2.7). The gcd and pqq gene 
expression levels ranged from approximately 1.5- to 3-fold higher in the zero soluble 
phosphate condition than in high soluble phosphate condition. 
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Figure 2.78 Expression levels of the gcd gene and pqq gene cluster of P. putida KT2440 
grown in NBRIP media without any soluble phosphate source (“No P”) or amended with 
K2HPO4 as a soluble phosphate source at two concentrations: 1 mM (“Low P”) and 50 
mM (“High P”). Data represent the average of three replicates with standard deviations. 
Different letters above the columns indicate significant difference between the expression 
levels of a gene under different phosphate levels. Fold change is set relative to the NP 
growth condition for each gene.     
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    Analysis of pqq operon structure. A semi-quantitative RT-PCR was used to 
determine whether adjacent genes from the predicted pqq operon were part of the same 
transcript, and if the relative abundance of these transcripts changed according to growth 
conditions.  PCR primers used for this are listed in Table 2.1, and their approximate 
locations are indicated in Figure 2.2.  A strong PCR band observed from amplification 
using a particular primer set from cDNA would indicate that the two genes exist, at least 
partially, on the same transcript.  If a band cannot be detected, the same cannot be said of 
these two genes, although this does not prove that they are not on the same transcript. 
Figure 2.8 shows the bands observed in their respective agarose gels, and ImageJ 
quantification of the bands is in Table 2.4. RT(-) controls and no-template controls 
(NTC) excluded the possibility of genomic DNA contamination and primer 
contamination, respectively. Bands were normalized to the 16S rRNA gene band from the 
same growth condition. No PCR band was observed for the FA region (the intergenic 
region between pqqF and pqqA gene) under any of these conditions, suggesting the pqqF 
gene is transcribed independently, at least under the conditions in our study. By contrast, 
CD, DE and EG bands were observed under all conditions, with the highest expression in 
LB and lowest in glycerol, indicating that the pqqC-pqqD-pqqE- pqqG region exists on 
one transcript. In contrast, there is some variation in the AB and BC regions.  Bands of 
varying intensity can be seen for the AB region, with the most intense band in the glucose 
condition and no apparent band in the glycerol condition.  Similarly, a very faint band is 
noted in the BC region in the LB and glucose conditions, but not in the remaining 
conditions.  Taken together, the data suggest an independent promoter and terminator for 
pqqF, and at least one additional promoter driving expression of the remaining genes. 
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Given the fact that AB bands and/or BC bands are not uniformly found but the CDEG 
region is consistently transcribed, this suggests the presence of a terminator or 
terminators downstream of pqqA and/or pqqB as well as a promoter upstream of pqqC.  A 
BC band is not observed without also seeing AB band, suggesting that there is not a 
separate promoter between the pqqA and pqqB genes. 
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Figure 2.89 Agarose gel electrophoresis of RT-PCR products from P. putida 
KT2440 grown in LB or M9 media with glucose, glycerol or citrate as the sole 
carbon source. Intergenic regions between pqqF and pqqA, pqqA and pqqB, pqqB 
and pqqC, pqqC and pqqD, pqqD and pqqE, pqqE and pqqG are presented as FA, 
AB, BC, CD, DE and EG. Amplicon length is labeled next to each PCR band. 
Positive controls (+Control) using genomic DNA as the template show the 
appropriate size of each PCR band. No template controls (NTC) detect 
contamination of the PCR. Negative controls (RT-) detect residual genomic DNA in 
the purified RNA. ImageJ quantification of the PCR bands is shown in Table 2.4. 
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Table 2.4 ImageJ derived band intensities of RT-PCRs of the pqq gene cluster. Intergenic 
regions between pqqF and pqqA, pqqA and pqqB, pqqB and pqqC, pqqC and pqqD, pqqD 
and pqqE, and pqqE and pqqG are presented as FA, AB, BC, CD, DE and EG. Relative 
intensity (RI) is calculated from normalizing band intensity (BI) of the pqq PCR (target) to 
the PCR of the 16S rRNA gene (reference), with the LB growth condition serving as the 
control treatment. 
49 
 
DISCUSSION 
    Kinetic analysis of GDH from E. coli DH5α and P. putida KT2440 revealed apparent 
Km values with glucose (2.7 mM and 4.9 mM, respectively) that were comparable to 
those from other related organisms. Purified GDH enzymes from other Gram negative 
bacteria (including E. coli, Enterobacter asburiae, Erwinia sp. 34-1, Acinetobacter 
calcoaceticus) gave Km values with glucose in the range of 1.1 mM to 4.0 mM (Dewanti 
and Duine, 1998; Marcinkeviciene et al., 1999). While less information is available on Km 
values with PQQ for quinoproteins in general, the measured value of 1.1 µM for PQQ 
with GDH from E. coli DH5α falls within the range of values measured with other E. coli 
strains, including gcd mutants, at 0.05 - 21 µM (Yamada et al., 1998; Elias et al., 2000; 
Elias et al., 2001), and is in line with Km values for the quinoprotein alcohol 
dehydrogenase from Gluconobacter suboxydans IFO 12528 at 11 µM (Matsuchita et al., 
2008). The high affinity for PQQ of the P. putida KT2440 GDH prevented an accurate 
measurement of the apparent Km, as the membrane fractionation process did not 
completely release PQQ from the GDH enzyme. With an estimate of an apparent Km 
value below 0.1 µM, it is not clear based on this data whether the levels of PQQ produced 
under these growth conditions (Table 2. 2 and 2.3) would be sufficient to saturate the 
enzyme under steady state conditions. However, Figure 2.5 shows that the level of PQQ 
production can limit phosphorus solubilization. Rapid solubilization of tricalcium 
phosphate is observed when P. putida KT2440 is grown in glucose, yet the rate of 
phosphate solubilization is significantly increased when exogenous PQQ is added to the 
culture.  This implies that the level of PQQ available to GDH is limiting the enzyme 
activity and therefore limiting phosphate solubilization under conditions that may be 
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considered optimal for GDH activity (i.e. when glucose is the carbon source, with low 
levels of soluble phosphorus). Earlier studies that find increasing the copy number of 
certain PQQ biosynthetic genes in P. fluorescens F113, Burkholderia cepacia and a 
Pseudomonas sp. increases the gluconic acid production and mineral phosphate 
solubilization further support the idea that the level of PQQ limits GDH activity (Miller 
et al., 2010; Rodriguez et al., 2001). Moreover, our data indicates that PQQ levels 
fluctuate according to carbon source (Table 2.3), indicating that PQQ synthesis is not 
constitutive and is activated in the presence of glucose in comparison with other carbon 
sources.  Our studies on GDH activity and PQQ production according to carbon source 
were done in M9 minimal medium, which ensures that soluble phosphate is not limiting. 
Additional experimentation in NBRIP medium with varying levels of soluble phosphate 
showed that low soluble phosphate significantly induced GDH enzyme activity and PQQ 
production (Table 2.5, Figure. 2.7), which is consistent with the work in Pantoea 
eucalypti where GDH enzyme activity is induced when the strain is grown without 
K2HPO4 as compared to 50 mM K2HPO4 (Castagno et al., 2011). 
 
 
 
 
 
 
51 
 
Table 2.5 GDH enzyme activity and PQQ production of P. putida KT2440 grown in 
NBRIP media without any soluble phosphate source (“No P”) or amended with K2HPO4 
as a soluble phosphate source at two concentrations: 1mM (“Low P”) and 50 mM (“High 
P”). Data represent the average of three replicates with standard deviation. Values given 
for each determination are calculated for cultures with an OD600=0.5. Letters in the 
parenthesis indicate the significant difference under different growth conditions (P < 
0.05). 
Growth 
Condition 
Specific Enzyme Activity of GDH 
(U/mg of protein) 
PQQ Production 
(µM) 
No P 1809.01 ± 7.42   (a) 0.861 ± 0.007  (a) 
Low P 1569.70 ± 22.68 (b) 0.633 ± 0.013  (b) 
High P 1375.76 ± 8.57   (c) 0.488 ± 0.014  (c) 
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    In addition to PQQ levels, phosphorus solubilization can be limited by the level of 
active GDH enzyme.  GDH specific activity of P. putida KT2440 varies significantly 
with growth condition, and the variations are consistent with the levels of gcd gene 
expression (Table 2.3 and 2.5, Figure 2.7), indicating that gcd is not constitutively 
expressed and that active GDH protein is most abundant under conditions in which the 
substrate is readily available and when soluble phosphate is low. Further studies will be 
necessary to establish the mechanism by which this occurs, but carbon catabolite 
repression may be at play here as GDH is involved in glucose catabolism and may be 
specifically repressed under other conditions.  Variation in enzyme activity of PQQ-
saturated (100 µM) GDH according to environmental conditions has been noted in other 
bacteria, such as Sinorhizobium meliloti RCR2011, specifically under phosphate-limiting 
conditions (Bernardelli et al., 2001). 
    The PQQ coenzyme is synthesized exclusively in microbes, yet the precise mechanism 
is not fully understood (Klinman and Bonnot, 2014; Magnusson et al., 2004). The genes 
required for its synthesis comprise a combination of the following: pqqA, pqqB, pqqC, 
pqqD, pqqE, pqqF, and pqqG.  Not all of these genes are present in all PQQ-producing 
organisms, and their arrangement varies considerably (Gliese et al., 2010; Shen et al., 
2012; Klinman and Bonnot, 2014). PqqA is a small, ribosomally produced peptide (23-24 
amino acids) that serves as the precursor of the PQQ molecule, which is synthesized from 
conserved tyrosine and glutamate residues within the peptide (Frey and Hegeman, 2007). 
The remaining genes in the pqq operon are predicted to carry out functions such as 
hydroxylation of the PqqA Tyr residue (PqqB), enzymatically linking the Tyr and Glu 
residues (PqqE), excising the cross-linked dipeptide (PqqF), and cyclizing and oxidizing 
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the dipeptide (PqqC) (Shen et al., 2012; Klinman and Bonnot, 2014; Magnusson et al., 
2004). Functions for the remaining genes have not been delineated, although 
bioinformatic analysis offers some clues as to what they may do. For example, PqqG 
(PP_0375) in P. putida KT2440 is uncharacterized but predicted to encode prolyl 
oligopeptidase (Finn et al., 2014) and orthologs are referred to as PqqG in P. fluorescens 
F113, PqqM in P. protegens Pf-5 and P. fluorescens B16 and PqqH in P. aeruginosa 
PAO1 (Miller et al., 2010; Choi et al., 2008; Gliese et al., 2010; Fernandez et al., 2013) 
    Considering the levels of PQQ produced versus pqq gene expression, the expression 
patterns of pqqF and pqqB most closely mirror the levels of PQQ produced under their 
respective growth conditions, meaning that pqqF and pqqB are expressed highest under 
conditions in which the PQQ levels are highest. This is consistent with the result that K. 
pneumonia mutants lacking the PqqB or PqqF protein synthesize only small amounts of 
PQQ compared to wild type (Velterop et al., 1995). Whether either of the putative 
reactions catalyzed by PqqB or PqqF (tyrosine hydroxylation or Tyr-Glu excision) is rate-
limiting in PQQ biosynthesis remains to be seen, but the RT-PCR results offer 
suggestions as to how gene expression may be enhanced under certain growth conditions. 
The pqqF gene appears to be under the control of an independent promoter and 
terminator, and no evidence exists to suggest that it is coexpressed with any other pqq 
genes under these conditions. As such, the levels of active PqqF can theoretically be 
altered without regard for the remaining genes and could therefore easily serve to 
enhance or limit the amount of PQQ available. The pqqC-pqqD-pqqE-pqqG region 
appears to be entirely on one transcript, making it unlikely that any of these genes 
independently limits PQQ synthesis. Collectively, expression of these genes could limit 
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PQQ synthesis, but each of these genes is expressed at its highest level under the growth 
conditions (LB) that gave the lowest levels of PQQ.  
    While the PqqA peptide is the molecule from which PQQ is ultimately derived, 
variations in its expression are minor compared to both PqqF and PqqB and it seems 
unlikely that its expression is the limiting factor in PQQ synthesis under these conditions. 
Nonetheless, each of the three minimal medium conditions showed the expression pattern 
of glucose > glycerol > citrate for both pqqA and pqqB, suggesting that the promoter 
driving expression of a transcript harboring both PqqA and PqqB may be responsive to 
glucose. Under LB growth conditions, pqqA is expressed comparably high, but pqqB 
expression is low compared to the other growth conditions. Bioinformatic analysis of the 
putative pqq operon (Figure 2.2, Figure 2.3 and 2.4) predicts the presence of three 
promoters, which are upstream of pqqF, pqqA, and pqqC, which is consistent with our 
RT-PCR data. Rho-independent terminators are predicted between pqqA and pqqB, as 
well as between pqqB and pqqC, which is also consistent with our RT-PCR data. Taken 
together with RT-PCR data showing varying levels of AB- and BC-containing transcripts, 
this suggests that intrinsic termination may occur under certain conditions to terminate 
transcription from the PA promoter. Our experimental evidence also predicts a terminator 
between pqqF and pqqA, yet no obvious evidence is found for intrinsic termination, 
which suggests a rho-dependent termination event. 
    Other closely related pseudomonads have different operon structures (8), with one 
notable difference among PQQ synthesizers being the presence and location of the pqqF 
gene. In some instances (e.g. A. calcoaceticus and G. oxydans ATCC9937) the genome 
encodes no obvious pqqF homolog (Shen et al., 2012; Yang et al., 2010; Goosen et al., 
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1989), and in other instances (e.g. M. extorquens AM1 and P. aeruginosa PAO1) the 
pqqF gene is located distal to the remainder of the genes (Gliese et al., 2010; Zhang et al., 
2003). Gene knockout studies in K. pneumoniae have suggested that it is not essential in 
PQQ biosynthesis in some organisms with the expectation that other peptidases may 
fulfill this role (Velterop et al., 1995). The fact that this gene typically exists either distal 
from the remaining pqq genes or, as is the case here, on a separate transcript, suggests 
that this gene has undergone evolution independent of the remaining genes (Shen et al., 
2012; Munch et al., 2005). The organization of the pqq gene cluster (pqqFABCDEG) in P. 
putida KT2440 is identical to that seen in several Pseudomonas fluorescens strains, such 
as Pf0-1, F113 and B16 as well as Pseudomonas protogens Pf-5 (Miller et al., 2010; Choi 
et al., 2008; Paulsen et al., 2005). It is perhaps noteworthy that, among orthologous pqq 
genes from P. putida KT2440 and P. protogens Pf-5, the pqqF homologs show by far the 
lowest identity despite the conservation of genomic synteny: pqqF 42%, pqqA 96%, 
pqqB 98%, pqqC 96%, pqqD 86%, pqqE 86%, and pqqG 67%.  
    Previous studies demonstrate non-coordinated synthesis between GDH and PQQ in 
Acinetobacter and Pseudomonas species, yet little is known about the regulation of PQQ 
biosynthesis and its role in phosphorus solubilization via GDH activity (va Schie et al., 
1984). Our results show that PQQ limits the phosphate solubilization rate under optimal 
conditions, and that PQQ levels varied significantly according to growth condition. Gene 
expression analysis under optimal PQQ production conditions suggest that PQQ levels 
appear to be most impacted by the levels of pqqF and pqqB expression. While the pqq 
operon structure in P. putida KT2440 offered some information as to how this regulation 
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is achieved, future work will be required to further address the rate-limiting biochemical 
step in PQQ biosynthesis. 
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CHAPTER 3: PQQ-PRODUCTION AND MINERAL PHOSPHATE 
SOLUBILIZATION AMONG CULTURABLE RHIZOSPHERE-DWELLING 
BACTERIA 
 
INTRODUCTION 
Pyrroloquinoline quinone (PQQ) is a water soluble, heat stable and aromatic 
compound that has attracted considerable interest because of its presence in a various 
foods and remarkable antioxidant properties (Smidt et al., 1991; Kumazawa et al., 1995; 
He et al., 2003). Recent research suggests that PQQ can also act as bio-control agent, 
reactive oxygen species (ROS) scavenger and redox sensor used to develop a biosensor 
(Bashan and de-Bashan, 2002; Fouchard et al., 2004). 
PQQ was the first member discovered in the quinone cofactor family and well-known 
as a ubiquitous molecule that serves as the redox cofactor for many bacterial 
dehydrogenases, including alcohol dehydrogenase (Salisbury et al., 1979), aldehyde 
dehydrogenase (Ameyama et al., 1981), glucose dehydrogenase (Duine et al., 1979), and 
methanol dehydrogenase (Ameyama et al., 1984). Among the best known is glucose 
dehydrogenase, which is involved in the periplasmic oxidation of glucose to gluconic 
acid in many gram-negative bacteria, resulting in the solubilization of insoluble 
phosphate (Babu-Khan et al., 1995; Choi et al., 2008). Various pqq gene mutants have 
been constructed to study the roles of PQQ in bacteria, and the most remarkable 
phenotypic change observed in the mutants has been the significant decrease in the level 
of the detectable PQQ and gluconic acid and concomitant phosphate-solubilizing ability, 
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which further limits the plant growth promoting activity in some strains (Choi et al., 
2008; Gliese et al, 2010; Miller et al, 2010; Ludueña et al., 2016). The impaired 
phenotypes can be completely restored by complementation with the corresponding pqq 
gene or with synthetic PQQ. The exogenous addition of PQQ to the culture of wild type 
Pseudomonas putida KT2440 also enhances the phosphate solubilizing activity of the 
strain by increasing its glucose dehydrogenase activity, indicating that PQQ might be a 
limiting factor of the phosphate-solubilizing activity of the P. putida KT2440 under 
certain conditions (An and Moe, 2016). However, no research has been conducted to 
study the correlation between the phosphate-solubilizing ability and the PQQ-producing 
capacity among rhizosphere-dwelling bacteria, although both have been quantified in 
many strains individually through different techniques (van Kleef and Duine, 1989; 
Buffoni et al., 1992; Mander et al., 2012).  
Although PQQ is found in some plants and animals, it can only be synthesized by 
microorganisms, which are mainly Gram-negative bacteria (Magnusson et al., 2004), and 
the level of the PQQ produced varies with the species (van Kleef and Duine, 1989). 
Interestingly, many PQQ-producing bacteria, such as, Pseudomonas, Acinetobacter, and 
Pantoea, are also known as highly efficient phosphate-solubilizers (Gliese et al., 2010). 
However, many PQQ-producing bacteria are not or have not been identified as 
phosphate-solubilizers, such as Ancylobacte, Hyphomicrobium, Methylobacillus, 
Methylobacterium, Methylophilus, Methylovorus, Mycobacterium, Paracoccus, 
Thiobacillus, and Xanthobacter (Si et al., 2016). To elucidate the usage of PQQ in 
mineral phosphate solubilization among microorganisms, here I study the PQQ-
producing and phosphate-solubilizing capabilities of culturable rhizosphere-dwelling 
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bacteria using a high throughput screening method developed for this purpose. I also 
investigate the diversity of PQQ-producing phosphate-solubilizing bacteria living in 
rhizosphere soil to further explain the contribution of PQQ towards bacterial mineral 
phosphate solubilization.   
MATERIALS AND METHODS 
    Rhizospheric soil sampling. Soil samples were collected on June 22, 2015 at the 
University of Kentucky Horticulture Research Farm located in south Lexington, KY 
(37°58'27" North, 84°32'04" West). Soils were Maury silt loam soil series (2% to 6% 
slope), fine, mixed, mesic Typic Alfisol, well suited for horticultural crop production. 
Sampling was carried out from the rhizosphere soil of broccoli grown in a conservation 
tillage system with nitrogen and phosphorus applied as starter fertilizer to overcome the 
effects of lower soil temperature at planting time and with crop rotation that helps to 
replenish the soils. Two randomly chosen broccoli plants were removed entirely along 
with the intact roots and the adhering soils (approximately 20 cm deep), placed in sterile 
plastic bag on ice and transported to laboratory.  
Isolation of phosphate-solubilizing bacteria (PSB). After removal of roots, the soil 
samples from two plants were mixed and homogenized in a sterile plastic bag. 10 g of 
soil was suspended in 90 mL sterile distilled water containing 0.85% NaCl (w/v) and 
serially diluted to 10-8. 100 µL of each dilution was evenly spread in triplicate on two 
different minimal media types, NBRIP (National Botanical Research Institute’s 
phosphate grown medium) and BMM (Basal Minimal Medium) agar plates, both 
supplemented with cycloheximide to a final concentration of 250 µg mL-1 to inhibit 
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fungal growth, and incubated at 28°C for 10 days (Nautiyal, 1999 ). NBRIP media, used 
to enumerate culturable PSB, is supplemented with tricalcium phosphate as the sole 
phosphate source.  Because of its insolubility in water, the tricalcium phosphate imparts a 
cloudy texture to the medium, and solubilization of the tricalcium phosphate by PSB 
creates a halo around the colony. BMM media is a defined media that served as a control 
to enumerate culturable heterotrophic bacteria. Both had glucose as the sole carbon 
source. Based on the fact that bacteria are not able to grow without a phosphorus source 
and that NBRIP medium does not contain soluble phosphate, we assumed strains able to 
form colonies on NBRIP agar plate were potential PSB, while effective PSB were those 
with clear zones of solubilization surrounding or underneath the colony. The populations 
on two different media were expressed as colony-forming units (CFU):  
CFU g-1 soil = !"#$%& !" !"#"$%&' × !"#$%"&' !"#$%& 
!"#$%& !" !"# !"#$%&'
 
To express the bacterial populations as CFU per gram of dry soil, the moisture content of 
the samples was estimated by drying them at 100°C for 48 h to calculate the weight loss. 
600 colonies grown on NBRIP plates were picked and purified by repeated subculturing 
on NBRIP plates. 436 subcultured PSB isolates were randomly selected to evaluate 
phosphate-solubilizing ability and PQQ-producing capacity.  
    Evaluation of phosphate-solubilizing ability and PQQ-producing capacity of PSB. 
A single colony of each PSB isolate on NBRIP media was picked with toothpick and 
used to inoculate 1.5 mL NBRIP media. Each isolate was inoculated into the same well 
of two separate 96-well blocks simultaneously. The 8 wells (A1 – H1) in the first column 
served as control without inoculation. The blocks were sealed with air permeable sterile 
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films and incubated in a shaker at 28°C, 300 rpm for 3 and 5 days respectively. The 
cultures in the 5-day incubation block were included in case the 3-day incubation block 
did not give significant cell growth. Cultures in each well were mixed with a multi-
channel pipette every 8 hours to increase aeration and to avoid complete precipitation of 
tricalcium phosphates. Cell density, inorganic phosphate concentration and PQQ 
concentration were measured for each isolate after their respective 3- and 5-day 
incubations. From the 1.5 mL culture, 350 µL was transferred to a new 96-well block for 
cell density measurement.  To each well was added the same volume of 0.74% HCl to 
dissolve the tricalcium phosphate (Miller et al., 2010), which hindered accurate 
spectrophometric readings, followed by through mixing by pipetting. Three subsamples 
of 200 µL were taken from the mixture and loaded into a 96-well plate, and the 
absorbance was read at 600 nm using a plate reader (Bio Tek Synergy HT) after shaking 
for 10 s using the built-in shaker. Another 500 µL from the 1.5 mL culture was 
transferred to a microcentrifuge tube and centrifuged at 20878 × g for 30 min, and the 
supernatant was collected in a new 96-well block and stored at -20°C for determining the 
concentration of inorganic phosphate and PQQ using the vanado-molybdate method and 
PQQ-bioassay as described previously in Chapter 2 (Matushita et al., 1997). Instead of 
measuring the inorganic phosphate concentration of each bacterial culture individually in 
microcentrifuge tubes, a high throughput assay was performed in a 96-well block 
adopting multi-channel pipette. The remaining cultures in the 96-well block were used to 
generate glycerol stocks and stored in -80°C for future use. The phosphate-solubilizing 
ability (PO43-/OD600) of each PSB isolate was expressed as the amount of inorganic 
phosphate solubilized per unit of optical density at 600 nm (mg L-1 OD600-1); PQQ-
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producing capacity (PQQ/OD600) was expressed as the amount of PQQ produced per unit 
of OD600 (µM OD600-1). 
    Identification of the PQQ-producing PSB. The taxonomic identification of PQQ-
producing PSB was done using 16S rRNA gene sequencing. The PQQ-producing bacteria 
were grown in 5 mL LB broth at 28°C, 220 rpm for 24-36 hours. DNA was extracted 
from 2 mL of each bacterial culture with the GenElute Bacterial Genomic DNA Kit 
(Sigma-Aldrich). Genomic DNA was quantified using a Synergy HT microplate reader 
with a Take3 plate (Bio-Tek instruments). The V1-V3 region of the 16S rRNA gene was 
amplified with PCR using the universal PCR primers (Integrated DNA Technologies): 
27F (5’-AGAGTTTGATCMTGGCTCAG-3’) and 1492R (5’-
GGYTACCTTGTTACGACTT-3’). The reactions contained 12.5 µL DreamTaq Green 
Master Mix (2X) (Thermo Fisher Scientific), 200 nM of each primer, and 1µL genomic 
DNA (~20 ng) in 25 µL final volume. Amplification was carried out in a Bio-Rad My 
Cycler version 1.065 thermocycler (Bio-Rad) with 4 min initial denaturation at 95 °C 
followed by 30 cycles of 30 s at 95°C, 30 s at 55°C, and 90 s at 72°C, and a final 
extension for 10 min at 72°C. The size and quality of PCR products were confirmed by 
1% agarose gel electrophoresis. The PCR products were purified with GeneJET PCR 
purification Kit (Thermo Fisher Scientific). DNA purity and concentration was measured 
for each purified product using the Take3 plate. Partial 16S rRNA gene sequences were 
obtained from the PCR products using BigDye Terminator v3.1 cycle sequencing kit 
(Life Technologies). Each reaction contained 2µL of the Bigdye Terminator v3.1 ready 
reaction mix, 1 µM 27F primer and 100 ng of a purified PCR product, supplemented with 
nuclease-free water to 10 µL final volume. Amplification was performed in the Bio-Rad 
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thermocycler with 5 min initial denaturation at 95°C followed by 30 cycles of 15 s at 
95°C, 15 s at 50°C and 4 min at 60°C. Reaction products were purified using the 
Agencourt CleanSEQ Kit (Beckman Coulter). Capillary electrophoresis was carried out 
at the University of Kentucky Advanced Genetics Technologies Center (UK-AGTC) in 
an ABI 3730 genetic analyzer (Life Technologies). Results were analyzed with 
DNASTAR SeqMan Pro version 9.1.0 (DNASTAR Inc.). Based on the obtained 
sequences the strains were identified using the EzTaxon-e platform (Kim et al. 2012).  
Phylogenetic analysis. To determine any relationships between the identified PQQ-
producing PSB in this study, phylogenetic analysis of 16S rRNA gene sequences was 
carried out using the software provided by Phylogeny. Fr (Dereeper et al., 2008). 
MUSCLE3.7 was used for multiple alignment (alignment cured; Run mode: default; 
Maximum number of iterations: 16), Gblocks 0.91b was used for alignment refinement; 
PhyML3.0 for tree construction (Statistical test for branch support: aLERT-SH-like; 
Substitution model: default,) and TreeDyn198.3 for tree visualization (default 
parameters).  
RESULTS 
    Isolation of phosphate-solubilizing bacteria (PSB) from rhizosphere soil. The 
number of bacteria that were able to grow on NBRIP plates with insoluble tricalcium 
phosphate as the sole phosphate source ranged from 1.5 × 106 to 2.0 × 108 CFU g-1 soil, 
while the number of bacteria on BMM plates ranged from 6 × 107 to 7 × 109 CFU g-1 soil, 
indicating the proportion of PSB among culturable rhizosphere soil bacteria is around 
2.5-2.8%. Of the bacteria grown on NBRIP media, more than 80% showed effective 
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phosphate solubilization, forming clear zones around the colonies, while about 10% 
formed visible clear zones underneath the colonies. The remainder did not show 
phosphate solubilization that could be visually detected after 10 days incubation (Figure 
3.1).  
    The morphological characteristics of the colonies growing on the two media were also 
different. Colonies on both media were diverse in color, with the majority of them white 
and a few yellow, orange, pink, brown, grey and black. The sizes of the different colored 
colonies were consistently bigger on BMM than on NBRIP during the same incubation 
period. The diameters of colonies on BMM ranged from 2 mm to 8 mm. Mainly, colonies 
on NBRIP were round, flat, dried, rough surface, with either entire, wavy or lobate 
margins. Colonies on BMM were round, raised and convex, shiny and smooth surface, 
with entire and clear-cut edges.  
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Figure 3.110 Phosphate-solubilizing bacteria (PSB) colonies on BMM and NBRIP 
minimal media. a indicates colonies without clear zones around or underneath them. b 
and c indicate effective PSB colonies able to form visually detectable clear zones around 
or under them. 
 
 
 
 
 
 
 
66 
 
      Evaluating the cell growth of phosphate-solubilizing bacteria (PSB). After 3 days 
of incubation, the optical density at 600 nm ranged from 0 to 0.5 (Figure 3.1). Of the 436 
randomly selected potential PSB, almost all showed OD600 > 0, only 2 strains failed to 
grow in the liquid NBRIP media (OD600 ≤ 0) (data not shown). Up to 5%  (22/436) 
exhibited very low cell growth with OD600 < 0.01 after 3 days incubation (data not 
shown). I observed 179 strains with OD600  between 0.01 – 0.1, 180 strains between 0.1 – 
0.2, 42 strains in 0.2 – 0.3 range and 11 strains in the 0.3 – 0.5 range, which accounted 
for 41.1%, 41.3%, 9.6% and 2.5%, respectively, of the total potential PSB used in the 
study, indicating the OD600 of the strains in this study were mostly in the range of 0.01 – 
0.20 (82.4%) after 3 days incubation.  
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Figure 3.2211 OD600 of 436 potential phosphate-solubilizing bacteria (PSB) grown in 
liquid NBRIP media after 3-day incubation. Panel A-D show the amount of bacteria 
within different absorbance range at 600 nm: A), 0.01 < OD600 <0.1 (179 strains); B), 0.1 
≤ OD600 < 0.2 (180 strains); C), 0.2 ≤OD600 < 0.3 (42 strains); and D), 0.3 ≤ OD600 <0.5 
(11 strains).  
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    Evaluating the phosphate-solubilizing ability and PQQ-producing capacity of PSB.  
98.4% of the selected PSB (429/436) exhibited phosphate-solubilizing activity (PO43-
/OD600 > 0), ranging from 8.54 up to 13038.54 mg L-1 OD600-1. The 429 strains showing 
phosphate-solubilizing activity were divided into 4 groups according to their phosphate-
solubilizing ability (Table 3.1). More than half of the strains (243/429) showed relatively 
low phosphate-solubilizing ability (PO43-/OD600 < 400), while 21.7% (93/429) of the total 
PSB were classified into highly efficient PSB (PO43-/OD600 > 800 mg L-1 OD600-1) and 
3.7% (16/429) of the total PSB were classified into extraordinarily efficient PSB with 
PO43-/OD600 > 2000 mg L-1 OD600-1. The remaining PSB with PO43-/OD600 in between 
400 – 800 mg L-1 OD600-1 were grouped into the medium class.  
    The PQQ-producing capacity (PQQ/OD600) also varied significantly with the 
phosphate-solubilizing bacteria, ranging from 0.1 – 97.5 µM OD600-1 (data not shown). 
Of the 436 potential PSB selected in this study, 60 strains (13.8%) did not show PQQ-
producing ability (data not shown). Similarly, the remaining 376 strains were divided into 
4 groups according to their PQQ-producing capacity (Table 3.2). Nearly 60% of them 
(222/376) exhibited relatively low PQQ-producing capacity, with PQQ/OD600 < 0.6. 21% 
of them (79/376) were considered as moderately efficient PSB, and 63 strains (16.8%) 
showed fairly high PQQ-producing capacity, with PQQ/OD600 > 1.2. 12 strains (3.2%) 
had PQQ/OD600 > 4.0, which were classified into the very high capacity PQQ-producing 
bacteria group.  
Figure 3.3 demonstrates the patterns of the phosphate solubilizing ability and the PQQ-
producing capacity among the selected 436 strains, not including strains with PQQ/OD600 
or PO43-/OD600 < 0. As mentioned above, the OD600 of the bacteria grown in NBRIP 
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media mostly (up to 83%) fell in the range of 0.01 - 0.2. Interestingly, most of the 
bacteria with high phosphate-solubilizing activity and PQQ-producing capacity were also 
in this range (Figure 3.3).  
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Table 3.1 Phosphate-solubilizing bacteria (PSB) isolated in the study with varying 
phosphate-solubilizing ability. 
Class  PO43-/OD600 (mg L-1 OD600-1) No. of strain % of total PSB 
Low  < 400  243 56.5 
Medium > 400 and < 800 77 17.9 
High > 800 and < 2000 93 21.7 
Very high > 2000 16 3.7 
 
 
 
 
 
 
 
Table 3.2 Phosphate-solubilizing bacteria (PSB) isolated in the study with varying PQQ-
producing capacity 
Class  PQQ/OD600 (µM OD600-1) No. of strain % of total PSB 
Low  < 0.6  222 59.0 
Medium > 0.6 and < 1.2 79 21.0 
High > 1.2 and < 4 63 16.8 
Very high > 4.0 12 3.2 
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Figure 3.312 Patterns of the phosphate-solubilizing ability and the PQQ-producing 
capacity among the potential phosphate-solubilizing bacteria (PSB) with different 
OD600 after 3 days incubation in NBRIP liquid media. 
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Selection of PQQ-producing phosphate-solubilizing bacteria (PSB). To avoid 
selecting bacteria with little or no cell growth, strains that did not show growth (7 strains), 
produce PQQ (60 strains) or OD600 < 0.01 (22 strains) were removed. A total of 359 
strains were screened out of the starting 436 potential PSB. Three groups of bacteria, 
totaling 80 strains out of the 359, were further selected as PQQ-producing PSB according 
to the following standards: 35 strains of high phosphate-solubilizing & PQQ-producing 
bacteria (PO43-/ OD600 > 800, PQQ/OD600 > 1.2), 25 strains of high phosphate-
solubilizing & low PQQ-producing bacteria (PO43-/ OD600 > 800, PQQ/OD600 < 0.60), 
and 18 strains of low phosphate-solubilizing & high PQQ-producing bacteria (PO43-/ 
OD600 < 400, PQQ/OD600 > 1.2) (Table 3.3). The selected 80 strains were all OD600 < 0.2, 
and 55% of them (44 strains) showed OD600 in the range of 0.1 – 0.2, where the OD600 for 
most of the bacterial isolates in this study were distributed.  
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Table 3.3 PQQ-producing phosphate-solubilizing bacteria selected in the study. 
PO43-/ OD600 (mg 
L-1 OD600-1) 
PQQ/ OD600 
(µM OD600-1) 
High phosphate-
solubilizing & 
PQQ-producing 
bacteria (*) 
High phosphate-
solubilizing & 
low PQQ-
producing 
bacteria (-) 
Low phosphate-
solubilizing & 
high PQQ-
producing 
bacteria (+) 
858.78 1.48 *   
935.15 1.28 *   
1053.79 1.33 *   
1115.41 1.89 *   
1132.28 2.82 *   
1142.34 1.57 *   
1205.13 3.20 *   
1224.32 1.74 *   
1234.29 1.42 *   
1254.88 1.59 *   
1313.77 1.52 *   
1434.13 1.21 *   
1550.75 1.32 *   
1585.59 1.53 *   
1593.64 1.43 *   
1623.21 2.17 *   
1652.21 2.74 *   
1809.52 1.52 *   
1839.79 1.27 *   
1854.26 1.36 *   
1857.15 2.30 *   
1865.50 1.28 *   
1892.56 1.37 *   
1901.13 1.37 *   
1961.14 1.36 *   
1971.82 3.14 *   
2032.14 4.41 *   
2078.75 1.31 *   
2177.89 1.64 *   
2265.01 1.65 *   
2280.59 1.20 *   
2355.89 1.89 *   
2541.41 1.92 *   
3579.55 1.84 *   
7206.53 5.88 *   
13038.84 9.32 *   
2028.67 0.08  
- 
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837.62 0.57  
- 
 
894.90 0.34  
- 
 
908.47 0.05  
- 
 
922.62 0.32  
- 
 
936.07 0.62  
- 
 
943.38 0.53  
- 
 
946.22 0.56  
- 
 
957.84 0.57  
- 
 
961.04 0.65  
- 
 
1009.67 0.43  
- 
 
1010.66 0.21  
- 
 
1054.01 0.27  
- 
 
1064.80 0.64  
- 
 
1076.71 0.47  
- 
 
1076.87 0.53  
- 
 
1097.56 0.22  
- 
 
1100.00 0.60  
- 
 
1126.14 0.50  
- 
 
1151.64 0.64  
- 
 
1168.95 0.54  
- 
 
1228.75 0.27  
- 
 
1262.32 0.64  
- 
 
1342.86 0.41  
- 
 
1923.28 0.33  
- 
 
130.54 1.38   
+ 
96.19 2.00   
+ 
103.90 1.48   
+ 
116.07 2.55   
+ 
126.12 1.56   
+ 
130.10 1.34   
+ 
137.10 1.76   
+ 
140.38 1.23   
+ 
158.73 1.39   
+ 
173.19 2.88   
+ 
176.47 9.71   
+ 
186.99 1.25   
+ 
238.20 1.61   
+ 
259.17 2.34   
+ 
276.72 1.42   
+ 
294.22 1.49   
+ 
310.71 3.25   
+ 
334.03 1.62   
+ 
372.29 1.31     + 
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    Correlation between phosphate-solubilizing ability and PQQ-producing capacity 
among rhizosphere-dwelling bacteria. To study the correlation between bacterial 
phosphate-solubilizing ability and PQQ-producing capacity, the phosphate-solubilizing 
ability (PO43-/ OD600) and the PQQ-producing capacity (PQQ/OD600) of the 80 strains 
selected as PQQ-producing PSB were compared (Figure 3.4). The three groups of 
bacteria with distinct phosphate-solubilizing ability and PQQ-producing capacity were 
located in the order of left to right along the x-axis, No.1-35 strains (high phosphate-
solubilizing & PQQ-producing bacteria, No. 36-51 strains (high phosphate-solubilizing & 
low PQQ-producing bacteria) and No. 52-80 strains (low phosphate-solubilizing & high 
PQQ-producing bacteria. Interestingly, the PQQ-producing capacity of the selected 
strains displayed similar changing pattern as that of phosphate-solubilizing ability. In 
other words, PSB with high PQQ-producing capacity showed high phosphate-solubilizing 
activity, which was reflected by each group of bacteria (Figure 3.4). The same 
phenomenon was also observed for the 359 strains selected initially (data not shown), 
especially for the strains with OD600 between 0.1 and 0.2, where a positive correlation 
between the phosphate-solubilizing ability and PQQ-producing capacity was observed 
(Figure 3.5).  
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Figure 3.514 Correlation between the phosphate-solubilizing ability and the PQQ-
producing capacity of the PSB isolates with OD600 between 0.1 and 0.2. 
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Identification of the PQQ-producing phosphate-solubilizing bacteria (PSB). Three 
groups of PQQ-producing PSB, a total of 80 isolates, were selected for 16S rRNA gene 
analysis, according to the level of their phosphate-solubilizing ability and PQQ-
producing capacity described above. The universal primer 27F used amplified the gene 
successfully from all isolates, with no obvious variations observed in the size of the 
rRNA gene products between the isolates. 80 isolates were identified to be bacteria that 
belongs to 15 genus and 29 species, which included 15 isolates of Pseudomonas 
koreensis Ps 9-14, 7 isolates of Pseudomonas vancouverensis ATCC 700688 and 
Pseudomonas hunanensis LV, 5 isolates of Pantoea brenneri LMG 5343 and 
Pseudomonas montelili NBRC 103158, 4 isolates of Pseudomonas punonensis LMT03 
and Lysobacter enzymogenes DSM 2043, 3 isolates of Pseudomonas jessenii CIP 105274, 
Pseudomonas alcaligenes NBRC14159, 2 isolates each of Microbacterium 
hydrocarbonoxydans DSM 16089, Pantoea eucrina LMG 2781, Lelliottia amnigena 
1237, Arthrobacter nicotinovorans DSM 420, Stenotrophomonas rhizophila DSM 14405, 
Pseudomonas moorei RW10, Lysobacter capsici YC 5194, and single isolate each of 
Acidovorax radicis N35, Cellulosimicrobium funkei ATCC BAA-886, Microbacerium 
trichothecenolytium DSM 8608, Rhizobium radiobacter ATCC 19358, Ensifier 
adhaerens Casida A, Pseudomonas helmanticensis OHA11, Achromobacter animicus 
LMG 26690, Microbacterium maritypicum DSM 12512, Bacillus aryabhattai BBW22, 
Acinetobacter calcoaceticus DSM 30006, Pedobacter panaciterrae Gsoil 042, 
Achromobacter animicus LMG26685, Pseudomonas taiwanensis BCRC 17751. The 
identification and their phylogeny were presented in Figure 3.6. 
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Figure 3.615 Phylogenetic relationship of the PQQ-producing phosphate-solubilizing 
bacteria (PSB) isolated from rhizosphere soil according to 16S rRNA genes. 
 
 
 
 
 
81 
 
Most of the PQQ-producing PSB isolates identified by 16S rRNA gene sequencing 
were Gram-negative bacteria (Table 3.4). Only 4 genera Gram-positive bacteria were 
found, respectively belongs to the genus Arthrobacter, Bacillus, Cellulosimicrobium and 
Microbacterium. Pseudomonas was the most abundant genus, in terms of the diversity 
and the colony number, taking 60% of the 80 isolates. Genetically diverse Pseudomonas 
isolates were found in each group, especially in the high phosphate-solubilizing groups 
(Group I and II). The low PQQ-producing bacteria isolated in this study were also mostly 
Pseudomonas. The second most abundant genera were Lysobacter and Pantoea, both of 
which were also in the groups of bacteria with high phosphate-solubilizing ability.   
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Table 3.4 Phosphate-solubilizing bacteria with different phosphate-solubilizing ability 
and PQQ-producing capacity. 
Group Bacteria Name Gram-staining 
No. of 
isolates 
among 80 
PSB 
I: High 
phosphate-
solubilizing & 
high PQQ-
producing 
bacteria 
Achromobacter animicus LMG 26690 - 1 
Arthrobacter nicotinovorans DSM 420 + 2 
Bacillus aryabhattai BBW22 + 1 
Cellulosimicrobium funkei ATCC BAA-886 + 1 
Lysobacter enzymogenes DSM2043 - 4 
Microbacterium hydrocarbonoxydans DSM 16089 + 2 
Lysobacter capsici YC5194 - 2 
Pantoea brenneri LMG 5343 - 5 
Pseudomonas taiwanensis BCRC 17751 - 1 
Pseudomonas koreensis Ps9-14 - 15 
Pseudomonas  hunanensis LV - 7 
Pseudomonas helmanticensis OHA11   1 
II: Low 
phosphate-
solubilizing & 
high PQQ-
producing 
bacteria 
Acidovorax radicis N35 - 1 
Acinetobacter calcoaceticus DSM 30006 - 1 
Ensifier adhaerens Casida A - 1 
Lelliottia amnigena JCM 1237 - 2 
Microbacterium maritypicum DSM 12512 + 1 
Microbacerium trichothecenolytium DSM 8608 + 1 
Pedobacter panaciterrae Gsoil 042 - 1 
Pseudomonas alcaligenes NBRC 14159 - 3 
Rhizobium radiobacter ATCC 19358 - 1 
Strenotrophomonas rhizophila DSM 14405  - 2 
III: High 
phosphate-
solubilizing & 
low PQQ-
producing 
bacteria 
Achromobacter animicus LMG 26685  - 1 
Pantoea  eucrina LMG 2781 - 2 
Pseudomonas jessenii CIP 105274  - 3 
Pseudomonas montelili NBRC 103158  - 5 
Pseudomonas moorei RW10 - 2 
Pseudomonas punonenesis LMT03 - 4 
Pseudomans vancouverensis ATCC 700688 - 7 
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DISCUSSION 
The present work studied the PQQ-producing and phosphate-solubilizing capabilities 
of the culturable rhizosphere dwelling bacteria as well as their diversity by a culture-
dependent method, which intends to find the correlation between phosphate-solubilizing 
ability and the PQQ-producing capacity and to further illustrate if PQQ is universally 
adopted by the rhizosphere dwelling bacteria in mineral phosphate solubilization.  
The culture-dependent study revealed the percentage of culturable phosphate-
solubilizing bacteria (PSB) relative to heterotrophic bacteria ranged between 2.5% and 
2.8% in broccoli rhizosphere soil. It was comparable to the PSB isolated from a 
crop/pasture rotation experimental site in Uruguay accounted for 0.33 - 8.65%, with a 
mean of 2.90 % of the total heterotrophic bacteria (Azziz et al., 2012). However, the 
proportion of PSB largely depends on the bacterial growth condition. PSB grown in 
phosphate deficient condition may account for 20-40% of the total heterotrophic bacteria 
(Nautiyal et al., 2000; Rashid et al., 2004; van Der Heijden, 2008). The low PSB 
observed in our study may be attributed to the high percentage of phosphorus which is 
inherited directly from the underlying phosphatic limestone of central Kentucky as well 
as the application of phosphorus fertilizer. On the other hand, NBRIP medium used for 
isolating PSB in this study may not be appropriate for cultivating bacteria that are unable 
to use glucose and tricalcium phosphate as carbon and phosphate sources, but that may 
still play an important role in phosphate solubilization in soils. An average of 19% of 
PSB were recovered on NBRIP plate with hydroxyapatite added as the sole insoluble 
phosphate source (Reyes et al., 2006). Additionally, cell growth data indicated 3-day 
incubation is sufficient for the majority of the PSB isolates to grow and to have 
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considerable cell growth in liquid NBRIP media within that time, because 95% of the 
selected PSB showed OD600 >0.01 after 3 days incubation, hence, 5-day incubation 
blocks were omitted.  
The selection of PQQ-producing phosphate solubilizing bacteria was performed by 
using a high throughput screening method, where two new indexes, PO43-/OD600 and 
PQQ/OD600, were adopted for the first time to evaluate the bacterial phosphate 
solubilizing ability and PQQ-producing capacity, assuming the PSB isolates have a 
similar growth profile. According to the standard established in the study, almost a 
quarter of the total PSB isolates were highly efficient phosphate solubilizers with 
phosphate solubilizing ability higher than 800 mg L-1 OD600-1. The determination of 
bacterial phosphate solubilizing ability has been reported in previous studies by either a 
plate assay, a liquid assay (also known as molybdenum blue method) or the combination 
of both (Fernandez et al., 2007). The efficiency of PSB isolated from pepper rhizosphere 
soil ranged from 125.0 – 412.5% by plate assay where phosphate solubilizing efficiency 
was measured by the ratio of the halo diameter to the PSB colony diameter on agar plate 
(Ramachandran et al., 2006). By contrast, the liquid assay is more accurate and 
commonly used in comparison of the phosphate solubilizing ability among multiple 
isolates by quantifying the amount of soluble phosphate in the liquid culture (Chen et al., 
2006). Various PSB have been isolated from the rhizosphere of several crops. However, 
little is known about the abundance and diversity of the PQQ-producing PSB in 
rhizosphere soil. The current study screened the PQQ-producing PSB, for the first time, 
from environmental samples using in vitro enzymatic determination of PQQ, which 
detects the PQQ secreted from the bacterial cells. Assuming the average OD600 of the 
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PSB as 0.1 – 0.2, PQQ produced by the rhizosphere dwelling PSB was in the range of 
0.02 – 19.5 µM, encompassing a diversity of bacteria varying in phosphate solubilizing 
ability. The level of PQQ produced by the model rhizosphere dwelling bacteria 
Pseudomonas putida KT2440, a moderate phosphate solubilizer, is between 0.488 – 
0.861 µM in NBRIP media with or without the addition of soluble phosphate (K2HPO4) 
after overnight incubation (An and Moe, 2016). In comparison, the PQQ production of a 
high PQQ-producing methylotrophic strain isolated from soil can reach 113 mg L-1 (0.34 
mM) (Wang et al., 2007). The PQQ accumulation of another high PQQ-producing 
Methylobacillus strain reached 75 mg L-1 (0.20 mM) after 53 h of cultivation using 
glucose dehydrogenase apoenzyme (GDHA) that depended on PQQ as cofactor (Si et al., 
2016). The low level of PQQ-producing capacity in this study may be attributed to the 
growth condition which might not be optimal for some PSB isolates. However, as a high 
throughput screening method, the enzymatic determination of the bacterial PQQ 
producing capacity is sensitive enough for the purpose of screening PQQ-producing PSB.  
It is interesting to note that the phosphate-solubilizing ability and the PQQ-producing 
capacity of the PSB isolates changed in the same pattern, which is more evident among 
the PSB isolates high in both phosphate-solubilizing ability and PQQ-producing capacity 
(Figure 3.4). It has been known that PQQ is indispensable for mineral phosphate 
solubilization in many Gram negative bacteria, where it works as the cofactor for glucose 
dehydrogenase (GDH) to produce gluconic acid (Choi et al., 2008). The heterologous 
expression of the pqq gene cluster from Erwinia herbicola and Pseudomonas fluorecens 
B16 conferred mineral phosphate-solubilizing ability to Herbaspirillum seropedicae Z67 
(Wagh et al., 2014). Moreover, the mineral phosphate solubilizing ability of the bacteria 
86 
 
can be regulated by the level of PQQ present in the bacterial culture (Bernardelli et al., 
2001). Our previous study also showed that the mineral phosphate-solubilizing ability of 
Pseudomonas putida KT2440 is significantly enhanced by the addition of exogenous 
PQQ into bacterial culture.  The same changing pattern of the phosphate-solubilizing 
ability and the PQQ-producing capacity of the PSB isolates, as well as the positive 
correlation between the two indexes (PO43-/OD600 and PQQ/OD600) for PSB with OD600 
between 0.1 – 0.2, indicated that PQQ may be a universal phosphate-solubilizing factor 
utilized by rhizosphere-dwelling bacteria (Figure 3.4; Figure 3.5). It is worth noting that 
the same changing pattern is more obvious for the isolates high in both phosphate-
solubilizing ability and PQQ-producing capacity, further suggesting PQQ is essential 
particularly for highly efficient phosphate-solubilizers.  
A variety of PSB have been isolated from the rhizosphere soil of several crops 
(Nautiyal et al., 2000; Kundu et al., 2009). However, little has been reported on the 
diversity of the PQQ-producing PSB living in rhizosphere. This study is the first attempt 
to isolate PQQ-producing PSB from broccoli rhizosphere soil using a high-throughput 
screening method. Among the 15 genera identified in this study, many species in some 
genera have been previously shown to produce high levels of PQQ under certain growth 
condition, and the pqq gene clusters in them have also been well characterized (van Schie 
et al., 1984; Castagno et al., 2011; Meyer et al., 2011; ). The genus Pseudomonas is one 
of the extensively studied genera used as a plant growth promoting rhizobacteria (PGPR), 
which is promising for its proven suitability as a potential inoculant (Azziz et al., 2012). 
It is known for having members able to synthesize PQQ and to act as highly efficient 
phosphate solubilizers (Oteino et al., 2015). The high abundance of this genus in our 
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isolates could be due to the amenability of their growing on the NBRIP media. 
Acinetobacter calcoaceticus is another PQQ-producing bacterial species well-known for 
its high phosphate-solubilizing activity, which has been primarily screened from 
activated sludge (Ohtake et al., 1985). The heterologous expression of A. calcoaceticus 
pqq genes complemented the phosphate-solubilizing activity in E. coli (Liu et al., 1992). 
However, it is worth to note that not all Acinetobacter are PQQ-dependent phosphate 
solubilizers. Some strains in this genus do not rely on PQQ for phosphate solubilization 
(Ogut et al., 2010). Pantoea has also been cited as a PGPR and phosphate solubilization 
is one of the important features of many strains in this genus (Andreeva et al., 2010; 
Castagno et al., 2011). Additionally, Rhizobium, Bacillus and Microbacterium are also 
shown to be highly efficient phosphate-solubilizers (Halder and Chakrabartty, 1993; 
Bernardelli et al., 2001; Goldstein, 2001; Abdel-Salam et al., 2013). Nonetheless, other 
PQQ-producing bacteria isolates whose 16S rRNA genes have been sequenced in this 
study were not the PSB of well-studied genera. Genera including Arthrobacter, 
Acidovorax, Cellulosimicrobium, Lysobacter, Lelliottia, Strenotrophomonas, Pedobacter 
were all reported for the first time as PQQ-producing PSB. Further experimentation is 
required to characterize their pqq gene clusters and their potentiality of acting as 
promising PSB.  
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